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This thesis addresses the stability of coastal rubble mound stone armor
layers exposed to water waves. The most common coastal rubble mounds are
-breakwaters, jetties, and revetments. Breakwaters usually have a large part of their
length oriented perpendicular to the direction of wave travel and their primary purpose

is to produce a quiescent area in their lee for ship anchorage or beach sheltering. Jetties

Breakwater failure can occur due to a number of different failure modes.
The dominant failure modes are shown in Figure 1. Of these, seaside armor stability on
a traditional rubble mound is critical to the integrity and functionality of breakwaters
and is therefore the focus of the present study. Breakwater stone armor layer stability is

unique from other structural design in that it is highly variable, and this variability is

[R——
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complex and difficult to quantify for the wide range and many permutations of the many
variables involved. The variability is dependent on the stochastic nature of both the
armor boundary conditions and loading. Boundary conditions are the points of contact
underneath and between the armor stones. The boundary conditions are uncertain

because of the irregular stone shape and stone placement. The geotechnical

storm location. The impact of the waves varies with water level and local bathymetry.
Tha lanal aratar laval vrariac itk 6334 .\..,J bt criraa W atrao Ao LR [, DL P
I'ne tocal water level varies with tide and storm surge. Waves can dislodge armor units

y uplifting, rolling, or sliding individual units or by causing en masse movement of the
entire armor layer. Armor units can be disiodged from the upsiope layer without

jeopardizing the integrity of the armor layer. But if enough armor units move and the
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underlayer is exposed, then the breakwater can erode quickly. This structural integrity

threshold is uncertain because damage, defined by the eroded volume, may be focused

consideration of the randomness of each stochastic parameter. Many clients, including
the U.S. Army Corps of Engineers, now mandate that a risk analysis be done as part of
major breakwater rehabilitation studies. This requirement is intended to provide a
standardized engineering economic analysis technique for comparing competing
alternatives. The engineering performance study that must form the basis of the risk
analysis is often accomplished using a reliability analysis, where the reliability, or
conversely, the probability of failure, is quantified for each alternative. In the reliability

analysis, all alternatives that fall below a predefined level of reliability are either

laver deciong incliding randomlv-nlaced ctone nattern-nlaced <¢tone and randomlv-
iayer aesigns mciuding randomiy-piaced stone, pattern-piaced stone, and rangomuy

1 A t rrn it Farh Af th 1t t1 nMmh A1 FF. + iatad
p1acCeh CONCIeie armor uinits. £acn Of tNesC aitCinatives wiii 1ave a Giiiereit associated

storms. Determining the probability of failure through instability of the armor layer
requires knowledge of the rate of deterioration or the rate at which stones are displaced,

which has not been quantified for breakwater armor layers. Reliability methods have

W



only recently been adapted to breakwater design, and very little data exist to support

prediction of rubble-mound deterioration. Despite the many hundreds, and perhaps

there have been no generalized studies of deterioration due to variations in storm
caMmiiAan,Ac 110ing randnam iratrac Thinmallsy Aorace aviarinantc ¢~ Anta khasra lhans
DSTYUUIILLD UdLIE 1alluulll wavied. Il 11)’, U lagc CAPCIII ICIIL WU Uall 11davVe DUCCIL

in which breakwaters are constructed.

The purpose of this study was to first identify the primary mechanisms of
stone instability and damage development when the breakwater armor layer is exposed
to depth limited, breaking waves. Chapter 2 discusses initiation of stone movement. A
relation for predicting the initiation of stone movement when exposed to vertical uplift
of normally-incident plunging breaking waves is presented in Chapter 2. The equation

is verified using data from a small-scale two-dimensional flume physical model study.

This portion of the research effort qualitatively addresses incipient motion of stone
armor. This section includes the traditional development of a stability prediction

,,,,,

development on traditional breakwater sections for singie storms and for storm
sequences given depth-limited normally-incident waves. Chapter 3 introduces the

subject with a discussion of historical stability and damage development physical model
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measurements and the relations derived from these past studies. In Chapter 4, a new
flume study is discussed where breakwater profiles were measured as damage
progressed on a breakwater cross section exposed to normally-incident depth-limited
breaking waves. A new device for measuring breakwater profiles is discussed in some
detail. New parameters are defined for prescribing the engineering characteristics of the
eroded profile. In Chapter 5, measurements from this study are discussed in detail. In
Chapter 6, profile and wave data are analyzed to produce spatial and temporal relations
for predicting the mean and standard deviation of eroded area, eroded depth, eroded
length, and remaining cover depth on a breakwater that is exposed to normally-incident
depth-limited wave conditions. These equations should be valuable in support of

reliability analyses as part of comprehensive risk analyses.



2.1 Armor Stability Equations

Extensive research on breakwater armor stability has produced many

empirical stability models. PIANC (1976) provides a summary of early stability

models based on regular wave experiments. PIANC (1992) provides a discussion of

more recent irregular-wave-based models. The most widely known empirical stability

model was developed by Hudson (1958, 1959), following the pioneering
Iribarren (1938) and is typically seen in the following form
v, H’
) K, (S, - 1) cot®

where

W = weight of armor unit

Y. = specific weight of armor unit material

H = design wave height at structure toe

K,, = tabulated empirical stability coefficient

S, = specific gravity of armor unit material

0 = seaside angle of armor slope relative to horizontal

N

work of

(2.1)



Hudson also expressed this equation in a slightly different form as

(2.2)

equivalent to that of the median in
the stone weight distribution. A glance at equations 2.1 and 2.2 shows that stone
movement due to wave forcing, characterized by the wave height, is resisted primarily
by the stone weight. As shown by Hudson (1958), Ahrens and McCartney (1975), Van
der Meer (1988) and others, the wave shape, structure porosity, armor shape, and
structure cross-sectional shape all affect the wave force. Hudson also noted that the
resistance to movement is affected by the friction between armor units, stone shape,
upslope armor layer weight, and armor slope. Equation 2.1 is preferable from a physical

perspective because it maintains the inertial form of the forces, which is appropriate for

axxvivai

1 1

e discussed further later in this chapter.



In equation 2.2, the stability number is a convenient scale for characterizing

the incident wave height relative to armor stone size. It is typically in the range of 1 to 4

breakwater trunks and heads exposed to breaking and nonbreaking waves. Zero-damage
) 4 1 + n A A: ta ] than ) navrnant oy anrmt e Feora
R~ p VAIue€s are typicdity usea Corresponaing to 1€8s nan £ perceiil oy couiit, Or 1ive

ayer being displaced. Using this no-damage
‘guidance from the SPM (1984), the stability number is in the range of 1 to 1.6 for
angular stone armor layers at siopes of 1V:2H or steeper exposed to breaking waves.
The SPM specifies K;, values up to 2.2 for stone armor layers at slopes of 1V:3H
exposed to nonbreaking waves. So for most stable coastal breakwaters, the stability
number covers a narrow range from 1 to 2.5. For deformable structures where the

armor stone is expected to be mobile, such as S-shaped breakwaters and berm

breakwaters, Van der Meer (1988) suggests N, =3 - 6.

g

or the nonbreaking regular wave conditions he and his

s

period on armor stability
colleagues tested. They simply determined K, corresponding to the lowest stability

condition over a range of typical wave periods. The Hudson equation has been

e e]



extended to include the effects of irregular breaking and nonbreaking waves and wave

period (Ahrens 1975, Ahrens and McCa
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wave period on stability number for regular waves. Each of these authors showed that
minimum stability occurred for surf similarity numbers or Iribarren numbers between 2
and 4, corresponding to plunging to collapsing breakers. The surf similarity number
was defined as £ = tan0 / (H/L)” where 0 = structure slope, H = regular wave height,
and L = local or deep water wave length. Thompson and Shuttler (1975) conducted an

extensive series of irregular-wave armor stability experiments. Their conclusions on

Juations will be discussed further in the foliowing chapters. The above
mentioned stability models predict minor damage reasonably well, although poor

predictions are common. Pfeiffer (1991) compared the models of Hudson (1958),

D



Hedar (1986), Losada and Gimémenz-Curto (1979), and Van der Meer (1988). Pfeiffer
found that the Hudson equation and the Losada and Gimémenz-Curto equations

performed the best when compared to field data, but none of the equations matched the

mentioned above are specifically suited for predicting extended damage.
P77 Arrnnr Inatniant Matine Qtirdiag
ikt ALINUL LIIVIPITIIL LVIULIVLII OLUUITD
1o asnimimal cdaliliee o A T OT L o I z
The empirical stability models of Iribarren (1938), Hudson (1958), and

others are based on a free body analysis of an armor unit undergoing forcing due to
shallow-water waves. Early stability models assumed 1) the principal wave force was
due to down- or up-rush on an unsheltered and unrestrained unit, 2) the wave force was
drag dominant, and 3) the drag force would be critical if the maximum horizontal fluid
velocity was used, which was considered to be proportional to the shallow-water
incident wave celerity. But for an intact structure and prior to initiation of incipient

motion, the armor units are typically partially hidden and restrained from up or down
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=
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with an impermeable underlayer and derived incipient equations of motion; but

concluded by stating that the dominant mechanism of initiation of armor motion was

still unknown and required further investigation. Although many authors have
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measured wave kinematics on armor layers and the resulting forces, including Mizutani
et al. (1992), Torum and Van Gent (1992), Torum (1994), and Cornett and Mansard

(1994), there have been few observations of incipient movement of armor units

kinematics. and forces on armor units are still unknown
, and rorces on armor units are stiil unknown
Malhy (1QR7) and MeoDAigal at al (1QRQ) dicriiggcad a mindal far nradicting
MiICIDY (16 /) and Vicougai et ai. (1760) Giscussed a modage: 1or preaicting
tlan xxrnxra Favnno At AARlAo Anmnvats nemine 13mite nmd tha eanes Téiem e 2erntentnset svanbinae ~F o
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lone dolos in one of two orientations. Their model utilized linear wave theory and

Morison forcing (Morison et al. 1950) with added mass coefficients for wave slamming
numerical model for predicting the displacement of armor on a traditional rubble
mound. The shallow water wave model interacted with a permeable flow model and
hydrodynamic drag, inertia, and lift forces were computed using a Morison formulation.
The model was limited to forces parallel to the structure because only depth-averaged

velocities were predicted by this one-dimensional model. Torum and Van Gent (1992)

breakwater. Torum (1994) discussed the measurements further. Althouch two-
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approach was unique and yielded insight into the average frictional force on sections of

the armor layer. They found that the frictional force tending to dislodge armor units was

Y7 .

‘wave flumes at the Waterways Experiment Station in Vicksburg, Mississippi. The first
experiment consisted of measuring wave-induced fluid velocities on and within the
armor layer and runup/down. In addition, free surface oscillations were measured while
observing armor motion on stone and Core-Loc armor. The observations from this early
study led to an incipient motion experiment using a fixed-sphere armor layer with
several loose spheres placed at various depths within the armor layer. A dominant

incipient armor motion mode and predictive stability equation were verified.

and within the armor layer. The experiments discussed in this chapter for
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o
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o
=
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incipient motion were all carried out using regular monochromatic waves. Data analysis
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was performed on short segments of between five and ten uniform waves to develop

clear relationships between wave parameters and armor motion.

(Figure 2.2). Table 2.1 lists the different test plans. In this thesis, only the sphere and
stone armor plans will be discussed (Test Plans 3 and 4) in order to maintain continuity

with the stone layer damage discussion in subsequent chapters. For Plans 3 and 4,
velocity measurements, sampled at 100 hz, were made throughout the water column
from the toe to two armor dimensions above the still water level. The ranges of physical

quantities and common dimensionless parameters for Plans 3 and 4 are listed in Table

2.2.
P Toe of Slope P Structure
Wave Gauge Wave Gauge
Array 1 Array 2
o Y oy a 0.46 cm
Wave Gauges Lﬁc
- o\
/ 6.9m N ]
24.8m ex. velocity
/ measurement location
ave Board
AN
. '
32m |
i~ Runup Gages

Gauge “ I Gauge ” I /
Array 1 I Amay2 / A —_—]
2tm | P —"am |
1 LI RS AV | l
! Flat i

Figure 2.1. Flume pian (top) and profile (bottom) views for incipient motion
experiment
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Sea Side

14 cm

Harbor Side

14g
2g

1.47m

Figure 2.2. Definition sketch for typical structure profile

Table 2.1
Experimental Plans for Incipient Motion Experiments

Plan Armor Armor | Nominal | Struc- Off- Runup Force
Type Weight Armor ture shore down Meas.
Dia. Slope, Slope Meas.
W,g D,=(V)"®*| cotb cot a
L em i .

l_ 1 Core-Loc 220 4.6 1.33 100 no no

I 2 Core-Loc 105 3.6 1.5 20 no no

3 Stone 200 4.6 2.0 30 yes no

4 Sphere 58 3.03 2.0 30 yes no

5 Sphere 212 5.6 2.0 30 yes yes

14




(= 1
“ Table 2.2 "
I Ranges of Measured Physical Quantities and Common Dimensioniess Il
I Parameters for Plans 3 and 4 |
I! Parameter Range

[}

| wave height at toe, H, 2.4 1018 cm

H Wave period, 7 0.75t 4.0 sec

[l Water depth at toe, h, 1510 24 cm

Wave steepness, S,= H,/L, 0.007 t0 0.1

L, = deepwater wave length

Surf simiiarity parameter, & = tan o/(H/L,)" 0.1to 1.4
I tan a = 1/30 = beach slope
[| Surf similarity parameter, € = tan 8/(H,L,)* 1.5 to 21
[| tan 8 = 1/2 = structure slope
!! Relativ pth, h/L, 0.0091t00.28
r Reiative wave height, H/h, 0.06 to 0.88

The LDV was a two-watt argon-ion two-component device assembled by

the Dantec Corporation. Here, two-component describes the fact that the LDV

neasurements, small measurement volume, clean drop-outs, high sampling rate, and no
required calibration. Drop-outs were situations where there was no measurable
backscattered signal (e.g. when the laser beams crossed at a point above water, after the

wave crest had passed and the probe was above the level of the wave trough). During a

drop-out, the LDV would produce a constant signal at the last measured value. Because

J—
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only the peak measured velocity values were used herein, drop-outs did not pose a

particular problem.
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10Miiiial armor aiameter aeep, o measurements could be made outside the flume wall

boundary layer. One drawback to the LDV was the requirement of a fuil time operator
-with continuous attention to detail. Also, because of the small measurement volume,
small changes in measurement location in the sheltered region behind a stone or within
the armor layer often yielded large variations in measured average peak velocities.
Therefore, the instrument required many measurements to map the flow field. So data

analysis requirements were substantial for this experiment.

The wave heights were determined using free surface measurements from a

vertical capacitance-type gage positioned at the location of the structure toe with no

structure location to absorb the waves. The sampling rate for free surface measurements
1 h Tt nittnd oo tha avaragas haight
was 20 hz. The zero-downcrossing wave height was computed as the average height
Faemans o lazzzact ~AF nincmtencrtananbales faoe som ol oo
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2.4 Incipient Motion Observations

Several dominant incipient motion modes were identified during the stone
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due to high velocities in the breaking
wave jet. Once oosened, the motion wouid depend on the armor shape and its position.
If the armor shape was flat, then the armor unit would flop back and forth until it rolled
out .of the armor layer, generally rolling upslope during uprush. If the armor shape was
rounded, which was normally the case, the armor units would jump vertically under the
steep wave face if the wave was severely plunging or collapsing. If the wave was
surging, then loose units would only be displaced if they were exposed. There did not

appear to be sufficient lift in downrush or uprush flows along the armor layer to displace

the stones unless they were odd shaped (flat). The only displacement mechanism
observed for rounded stones sufficiently hidden in the armor layer was uplift under the
steep wave face

r acceleration component
in the vertical direction is normally required to initiate armor motion for hidden armor

units. Additionalily, this early qualitative study indicated that, for a given wave height,

—
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incipient motion was primarily influenced by wave shape, stone position, stone

exposure, and stone looseness.

chntre funinal Hima camac f
2.3 shows typical time series of
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is the average wave height measured at the toe, 7'is the average wave period, d, is the
toe water depth, and d, is the depth of the laser measurement. The laser measurement
was.made 1 cm outside the armor layer, measured perpendicular to the outer armor layer
profile line. The sign convention is such that the horizontal velocity is positive seaward
while the vertical velocity is positive upward. Typically for these measurements, the
horizontal velocity signal was considerably smoother than the vertical velocity signal,

due primarily to the small amplitude of the vertical velocity relative to the horizontal

1 vertical velocity. The plot shows a large vertical velocity just below the steep
wave front. Observed maximum stone movement for this wave profile position is also

shown. Figure 2.5 shows an example of vertical velocities outside and inside the armor
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layer. These measurements were also made during one run of plan 3 with the following

24 cm, and d, = 8.8 cm for the external

=1s,d,

12cm, T

characteristics: H,

13 cm for the internal measurement.
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Figure 2.4. Velocity vector for one wave period for armor lifting measured 1 cm outside
the armor layer with H,=8.4cm, T7=2s,d,=24 cm,and d, = 17 cm
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Figure 2.5. Vertical velocity time series outside (top) and inside (bottom) armor layer
with H,= 12 cm, T= 1, d,= 24 cm, and d, = 8.8 cm for the outer measurement and d,
= 13 cm for the inner measurement
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Figure 2.6. Measurement locations for vertical velocities shown in Figure 2.5

Figure 2.7 shows a typical plot of vertical velocity v,,,/(gH,)", measured 1
cm outside the armor layer at various depths, versus the square root of wave steepness,

where v, is the average of the highest one-third peak velocities for the burst of regular

<
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waves, g = gravitational acceleration, structure slope = 1V:

wave length. For simplicity, v is used instead of v,;; in Figure 2.7 and hereafter
Relative laser depth, rd = d,/d,, is the ratio of the depth of the laser to the depth at the

1 1 /71QQM i
toe, measured from the still water level. As noted by Sawaragi et al. (1982), maximum

«Tr mArT

/:2H slope
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waves. Pilarczyk and Den Boer (1983) showed minimum stability for 1

occurred for & = 3.3. In this case, this point occurs at (H/L,)" = 0.15, which is near the
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maximum measured velocity for the waves with 7= 2 s. The peak vertical velocities for

given wave period decreased with increase of rd in this figure.

Vertical Velocity at Armor Surface

0.6
1toe depth =24 cm !
05 s =
- ®

@ 04 o O
03 T
E _ v O o
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0 . | f | s | ) f } } }
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I{D T=1, rd=0.36 = T=2, rd=0.36 ° T=1, rd=0.5
| » T=2,rd=0.5 ~ T=1,rd=0.7 v T=2, rd=0.7

Figure 2.7. Maximum vertical velocity versus the square root of wave steepness for
wave periods 7= 1 and 2 s and relative depths rd = 0.36, 0.5, and 0.7

The previous experimental results indicated that one of the dominant

incipient motion modes was due to the vertical force occurring under the steep wave
£, vtinal 1 + +1 ith + 1
front. The balance of forces for vertical incipient armor motion with no external

force; W' = F,. The vertical force at the steep wave front can be described by the

Morison equation (Morison et al. 1950).
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where the nominal diameter was previously defined as
acceleration reduces to a convective term.

The drag force in Equation 2.3 is then given by
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where K, is an empirical coefficient of order unity. The maximum inertial fluid force in

Equation 2.3 can thus be reduced to

with

A

o~

(2.11)
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where S, = armor specific gravity, g = acceleration of gravity, and v, = critical vertical
velocity at which armor just begins to lift. In terms of N, from Equation 2.2, Equation

2.11 becomes

) (2.12)

_1s primarily a function of the Froude number, v, / (g

traditional stability relations to Iocal vertical velocity measurements.

Based on results of detailed velocity measurements in the interior and just
outside the armor layer, the vertical velocity gradient was found to be proportional to the
ratio of the vertical velocity and the armor diameter, as assumed in Equation 2.8. The
empirical convection coefficient is K, = 0.90 for this experiment. This is shown in

Figure 2.8 for a group of experiments summarized in Table 2.3. All experiments listed

in Table 2.3 were conducted with a seaward slope of 1V:2H, D, =4.6 cm, and d, = 24
cm. The velocity values are positive peaks from the aligned inner and outer vertical
velocity time series. In Table 2.3, the velocity gradient Av/Ay = |(v, - v)/(y, - ¥,)|, where
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a_ s ”~ I
abie 2.3 |
Summary of Convection Measuremeni Experiment Resuits with cot 6=2, |

I
|
D,=4.6cm,and d,=24 cm. 7 |

Measure- Quter | OQuter Inner Inner
ment Wave | Wave | Laser | Velocity Laser | Velocity

Location | Height | Period | Depth v, v,/D, Depth v AviAy

cm s cm cm/s 1/s cm cm/s 1/s

23.6 5.14 10.0 3.44

10.0 2.17 6.0 1.01

i 29.1 6.32 12.5 419

neariree [ 723 | 075 | 158 | 25.0 5.44 5.54 10.7 3.61

SHHERE 21.6 4.68 7.0 3.67

37.3 8.10 - 8.0 7.39

27.3 5.93 12.0 3.85

14.0 3.04 10.0 1.01

21.0 457 7.5 3.41

4.6 1.0 8.59 18.0 3.91 12.55 12,5 1.39

18.0 3.91 14.0 1.01

13.0 2.83 11,5 0.38

I 43.2 9.40 13.5 7.51

I 49.2 10.69 17.2 8.08
13 1.0 8.59 47.8 10.34 | 1255 11.5 9.10 |

57.3 12.46 13.7 11.00

50.0 10.87 16.7 8.39

12,5 2.72 9.0 0.88

16.5 3.59 10.0 1.64

2.8 2.0 8.59 18.0 4.13 12.55 8.0 2.78

18.0 3.91 8.5 2.40

one-third 14.0 3.04 8.0 1.51

of depth 50.0 10.87 7.0 10.85

46.0 10.00 10.0 8.09

8.4 2.0 8.59 48.0 10.43 | 1255 15.0 8.33

50.0 10.87 16.0 8.58

45.0 9.78 14.0 7.82

26.0 5.65 8.0 4.29

29.0 6.30 9.0 5.05

5.5 3.0 8.59 31.0 6.74 12.55 8.0 5.80

28.0 6.09 10.0 4.54

28.0 6.09 12.0 4.04
220 | 478 9.0 328 |
{ 18.0 3.91 8.0 252 |
Il 43 | 40 | 859 | 200 | 435 | 1255 | 100 252 |
I 17.0 3.70 9.0 2.02 ||
Il 18.0 3.91 7.0 278 I
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Figure 2.8. Vertical variation of vertical velocity under a steep wave front across the
armor layer as a function of wave steepness

The drag and inertia coefficients can be more accurately defined if we
assume spherical armor. Based on previous studies of forces on armor by Mizutani et
al. (1992) and Torum (1994), reasonable estimates for drag and inertia coefficients are

C,=0.8 and C,, = 0.4 yielding

Cc, = ,,,éé,,,,D, =05 (K, =120 (2.13)
C’, =KC, =036 (K. =0.90) (2.14)

where K, = 1.21 corresponds to a sphere. The critical vertical velocity, v,, for the

incipient vertical armor movement reduces to
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2
V.

2 (2.15)
D, g(S,-1)

where the critical vertical velocity, v,, depends on the nominal diameter, D,, and the

n’
specific gravity, §,, only, for a loose armor unit. So, if the vertical velocity exceeds this

critical velocity, motion of the sphere should occur. At the point of incipient motion,

this critical condition can be expressed as

v =v = /12D, gl 1) (2.16)

Plan 4 in Table 2.1 was designed to test the above criterion. For Plan 4, the
armor layer was constructed using silicon rubber spheres which were glued together and
attached to an inflexible yet porous metal mat. The metal mat was placed directly on the
underlayer and fixed to the flume walls. Several loose concrete spheres were placed in
the armor layer along a line from above the still water level down to the toe. Each two
loose spheres were separated by two glued spheres so that there was no interaction
between loose spheres. The sphere layer of Plan 4 was constructed to have the

minimum porosity of a sphere layer of 0.33.

For Plan 4, the loose spheres would not move under any conditions unless
they were slightly raised in the armor layer. This was accomplished by placing a 0.5-

cm-thick spacer under each sphere. The primary effect of this was to raise the porosity
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surrounding the loose sphere, providing a path for water motion under the sphere. The
only motion observed for the raised loose spheres was vertical motion under the steep
wave front, following a slightly elliptical path, and landing back in their hole after the
wave front passed. For tests with vertical velocities corresponding to the critical value,
the spheres were just lifting off. For the larger vertical velocities, the spheres were
lifting entirely out of their initial holes, but settling back into their holes. This sphere
motion under the breaking wave is shown in the sequence of photographs in Figure 2.9.
_The sphere in motion is just left of the black rectangle on the right side of the

photograph.

In the incipient motion experiment, spheres at a depth of one-third the toe
depth were the most mobile while spheres at the still water level were somewhat less
mobile. This movement corresponded to the variation of the vertical velocities in the
water column as shown in Figure 2.6. Figure 2.10 shows the incipient motion criterion
of Equation 2.16 versus wave steepness for Plan 4 using a few representative points
from each motion category as summarized in Table 2.4. For this figure v. = 61.8 cm/s
computed using Equation 2.16 with D, = 3.03 cm, S, = 2.083, and g = 980.6 cm/s. The
dark horizontal line represents the theoretical incipient motion criteria while the velocity
measurements are represented by the dark dots. Observed movement is noted for each
data point. The vertical gaps between the lifting group of points and the stationary and
rolling groups occurred because the vertical velocity increased dramatically under the

steep breaking wave face. Therefore, it was difficult to get a continuous set of points

29



over the entire range of v/v_ratios. For the drag and inertia coefficients selected. the

incipient motion criteria agrees reasonably well with the observed movement.

Figure 2.9. Photographs of sphere motion during a typicai incipient motion experiment
for Pian 4
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Figure 2.10. Incipient motion criterion (Equation 2.16 with v, = 61.8 cm/s) versus wave
steepness

Table 2.4
Summary of Incipient Motion Experimental Resuits
Wave
Sphere Wave Wave Steep- | Velocity
depth Height Period ness v viv,
| cm cm s H,/L, cm/s
I 4.6 1.0 0.029 28.3 0.46
I 13.0 1.0 0.083 41.8 0.68
I 2.8 2.0 0.009 11.0 0.18
f 8.4 2.0 0.027 29.6 0.48
[| nearfree 5.5 3.0 0.012 20.2 0.33
surface 7.6 3.0 0.016 i7.2 0.28
d,/d,=0.16 14.0 1.0 0.090 4255 0.69
15.2 1.5 0.065 67.8 1.10
17.0 1.5 0.073 64.9 1.05
14.3 2.0 0.046 63.8 1.03
13.0 2.0 0.042 59.8 097 |
46 1.0 0.029 8.8 0.14 |
one-third of 13.0 1.0 0.083 31.3 0.51
depth 2.8 2.0 0.009 7.5 0.12
d,/d,=0.38 8.4 2.0 0.027 22.9 0.37
5.5 3.0 0.012 14.9 0.24
7.6 3.0 0.016 12.3 0.20




2.7 Conclusions from Incipient Motion Study
Experiments on incipient motion of breakwater armor showed several

modes of displacement. One dominant mode was due to vertical wave forces which a

cimnle relation wac derived acenimine a Maricon-like wave force halanced hv the armaor
\Jlllll_]i\-f Lwidauiuvsil vy ao uwvilil vyvu uOUUllllllb G AVIUVILIOUVEL 1INV YYAavYyw 1UVlwvw valrdiivueas U] LRIV QA i1i\J1
nit cnthmeargad waight Tha wava farca madal wae comnnced nf drag dnie tn tha
111t DuUlllClsCU WCIS]IL. LHU wavle 1UILU 1IITUUCL wad bUllllJUDCU Ul uxas, UucC v Liv
avitiiere yanrtinal salanitine amdd tmnmtin Ao bt n coqel AT ot S e
Illd)&llllulll VErtiCdl vEiOCitli€s, ana inertia, aue 1o uic ve Ubd bUIlVCLUVC dbLClCldllUllb

_The maximum vertical convective acceleration is shown to be roughly linearly related to
the square of the velocity, which puts the inertial force term into the same form as the
drag term. The resulting incipient motion stability relation is similar in form to the
Shields sediment motion criteria. Further, when expressed as a traditional stability
number, incipient motion is shown to be a function of the Froude number, v/(gH)". The
incipient motion criterion shows promise in predicting the incipient motion of spheres
for the conditions tested, but further experiments are required. This study provided

some insight into how breaking waves can instigate armor motion and remove armor

oUL1Iv 111 15 111U 1 all 211 11111
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3.1 Damage Modeling Standards

There is a substantial amount of literature concerning the measurement of
-damage on rubble-mound coastal structures. Hughes (1993) reviewed laboratory
techniques for measuring damage. He noted three types of experiments for accumulated
damage: (a) long-duration tests, (b) accumulated-storm-impacts tests, and (c) residual-
stability tests. There is overlap among these three and few standards appear to exist for

these types of laboratory studies. Jensen (1984) noted that model storm duration should

ufficien quilibrium damage, where further waves cause no additional damage,
iQ t1 hit i f + oot nf tagte chanld h Avictad ta datorm th
occurs in this Ume; out 11 nof, a suosel 01 tests snouia o€ conauctea to aetermine tne

times to develop sufficient statistical certainty in the expected outcome with more

extensive testing performed if the variance is large.

There are two dominant methods for damage measurement: (a) visual:
counting the number of individual armor units that have been dislodged and moved

more than one nominal diameter from their original location and (b) profile

(98]
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measurement: determining the eroded armor volume through profiling. A subset of the
profiling method of characterizing damage, noted by Van der Meer (1988) for dynamic

stability, is through description of the profile geometry. Torum et al. (1979) and Davies

<7

et al. (1994) described m

3.1, which is a reduction of the profile shape to a sin

| P
DEPTH OF C\OVER\/ IR
I S
N A
N

~

Figure 3.1. Sketch of breakwater profile with definition of eroded area and depth of
cover

3 o A charantarioing domaasa 6312 ad e O Ao b Tk s A
historical method for characterizing damage utilized profiles to determine the

1,

armor layer. Hudson (1959) used this volume method. But the method apparently is
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not described in detail in any public references. As such, it will be described herein. In
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generally obtained on a horizontal grid spaced evenly at 1.5D,5,. A number of profiles
along the breakwater length were averaged to determine an average profile. The
average damaged profile was subtracted from the undamaged average profile to get an
average eroded area over the active region. The eroded cross-sectional area is defined in
Figure 3.1. This eroded area was divided by the total area of armor in the undamaged
average profile to get a percent damage D%. Hudson’s (1959) zero-damage criteria

corresponded to D% < 1 percent. The zero-damage criteria given in the Shore

1 19 1i¢ nnt claar hnt avalved aver manv vearg
Crlterla }S 11UL vivdl Vul vWwvulvYLu Uyvul lliall y\./mo
1. e s ] 1 17

the damage is only computed over the active region, the damage value will depend on
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the structure geometry. This method also provides no indication of the severity of

damage as characterized by the profile shape.

Jackson (1968) gave damage due to regular waves in terms of the WES

eroded volume definition of damage. Jackson’s damage values, given in Table 7-9 in

the SPM, have been widely used to predict damage but are limited to regular waves with

damage starting from an undamaged structure. Also, the damage is not given as a

function of time, which is critical for determining the reliability of a structure.

Broderick and Ahrens (1982) and Van der Meer (1988) defined a

dimensionless damage index using profile data as

S = A, = A,
213 2
M 30 Dn50 (3 . 1)
Pa
where

A, = eroded volume per unit length or cross-sectional eroded area
My, = mass of median armor unit in mass distribution
P, = armor unit density

where their variable nomenclature has been modified to avoid confusion. Broderick and

Ahrens stated that A, was calculated from the profile data by determining the difference
between before and after testing profiles. The difference in Broderick and Ahrens’

method from the traditional eroded volume method was that they nondimensionalized
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by the square of the nominal stone diameter rather than the area in the undamaged armor

profile.

If the eroded area over the entire structure is used to compute S rather than
just the active region, the ratio of damage by the eroded volume method to that of the

damage index can be computed as per Cornett (1995)

(w( h(—h;H)
] <L+
s _ “\2 sin® . H<h, (3.2)
2
D% 100D,
where
t, = armor layer thickness
w, = crest width
h, = breakwater crest elevation above bottom
h, = water depth at toe

H = design wave height

0 = seaside angle of armor slope relative to horizontal

Equation 3.2 assumes the wave height is less than the depth at the toe.
Cornett noted that the range of this ratio is 0.6 to 1.25 for typical rubble mounds. For
S/D% = 0.8, he notes that the zero-damage criteria of D = 5% corresponds to 0 < § < 4.

This is quite a broad criterion. The damage index method appears to give a better
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representation of damage. Broderick and Ahrens and van der Meer noted a zero-

= 2.

damage level of §

o
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Thompson and Shuttler (1976) also used the eroded volume method. They
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tests, the density ratio was p /p®, =1.81. Therefore, the method of Thompson and
Shuttler yielded a damage index approximately nine times that of Broderick and Ahrens,
or the width of their structure in nominal diameters. Thompson and Shuttler also

determined the minimum armor layer thickness at failure. Th

minimum armor layer thickness will not be zero at failure because it is expressed as a
Of\nfi’f)l aAvTaAraro nf onxynvnl f\l‘r\r!lnﬂ
ayaual aviiil as\.« Ul svyvuilai PIULIIUD

I |

rd, Ltd. (1990), showed that Equation 3.1 yieided very
different results if a slightly different method was used to compute the average eroded
area. The first method they used was that described for the WES eroded volume
method, where an average profile was used to determine an average eroded area. The
alternative method was to sum the eroded areas from all profiles in order to compute an
average eroded area. The difference between the two methods ranged from 2 to 82

percent. In general, the difference decreased as the damage level increased. Note that

most authors do not describe the method used to compute damage.

they compute the average damage, which may be concentrated in one pocket or spread
1 aag Al f th thnade indinats f+h £11
out over several areas. Also, none of the methods give any indication of the profile
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3.2.2 Stone count method

Hedar (1960), Owen and Allsop (1983), Hughes (1993), and Davies et al.
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sliding rather than dislodgement of individual stones. Stone count suffers from the
same weaknesses as the eroded volume method, namely that the spatial concentration of
damage is generally not specified and the maximum depth of erosion is not computed.

Stone count is also somewhat subjective.

3.2.3 Recent damage measurement methods
Davies et al. (1994) provided a review of laboratory techniques for
measuring breakwater profiles and methods for characterizing damage. They described

the WES damage D% (SPM 1984) as a visual displaced ston

Ay 110

wheel over the structure face. During an experiment measuring damage on a riprap

armor layer, they computed the damage index, apparently using an average profile, and
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they noted that stone counts were more accurate when only a few stones moved, but the

volume method improved accuracy of the damage measurement for advanced damage.

d =D, s, the underlayer was visible through a hole D, in size, and when d =0,
significant damage to the underlayer had occurred.

Historically, breakwater design has been accomplished using an empirical
stability equation, such as the Hudson equation (Hudson 1958, 1959) as shown in
Equation 2.1.  As described earlier, for this equation, K}, is defined for a given level of
performance, typically the no-damage condition represented by D% less than 2 percent
by count or 5 percent by volume (SPM 1984). This technique assumed damage
approached an equilibrium level of D%, where further regular waves at the design
condition induced no further damage. This is based on regular wave experiments where

damage reaches an equilibrium level or failure occurs relatively quickly. Hudson (1958)

~~~
W
W
—

where A= S, -1.
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The Hudson equation was defined for regular waves but has been extended
to irregular waves using irregular wave physical model experiments. The SPM suggests

H,,,, the average height of the highest 1/10 waves, to

U

QOLY armnhacizad A mvand e Ala '
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N

train. Vidal et al. (1995) noted that representation of the irreguiar time series by Hq,
the average height of the highest 100 waves, provided a comparative level of damage to
that produced by regular waves; but the equivalent statistic of the form H,, will depend
on the number of waves. Medina and McDougal (1988) introduced an interesting, albeit
not rigorous, method for interpreting Jackson’s (1968) regular wave damage results
using a Rayleigh wave height distribution. Their method incorporated storm duration
into the equation. In summary, the regular wave stability and damage formulations

given above are conservative for design; but a universal analytical technique for

embankment, mostly deep water. The average run length was 5,000 waves, based on

N
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mean zero-upcrossing wave period 7,,, with intermediate surveys every 1,000 waves.
They considered 5,000 waves to be a typical storm duration. Several of their significant

conclusions concerning damage are paraphrased as follows:

1. The rate of erosion of a given riprap is, as expected,
strongly dependent upon “the significant wave height”
H /3¢

2. The rate of erosion decreases with time and hence the
damage history curves flatten out. At the lower wave
heights, the curves can become nearly horizontal, giving
an apparently stable riprap slope.

3. The very long preliminary tests give no certainty of the
riprap eroding to a totally stable equilibrium state, even
with low damage rates. Thus, it is not safe to assume, as
is often done in regular wave tests, that a slope will erode
to stability. All that can be said is that the erosion rate
may become small enough to be ignored in practice.

4. The method of laying the riprap has a significant effect
upon the damage history.

5. The wave energy spectral shape as specified by the
width parameter, €, does not affect the ultimate erosion
volume.

6. The failure criterion requiring a given area of exposed
filter layer was easier to assess than that requiring the
observation of the erosion of filter material and gave
erosion volumes at failure which were independent of the
filter grades used.

7. Experimental time limited the maximum value of N,
the average number of waves incident on the riprap, to
5000, which is typical of a storm. In most cases this was
too few waves to determine whether or not equilibrium
damage was achieved or whether, at a given value of H,,,
the slope protection would eventually fail.
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8. Even in the limiting case of waves with a small

significant height incident for a very long time on

relatively large riprap, there will be a few rare waves high

enough to remove the smallest stones of the riprap pack

and hence give damage.

9. The movement of the stone is greatest on the flatter

slopes although the net erosion is small. This movement

results in self-healing by the smaller stones.

These conclusions offer a somewhat different view of damage development

than was accepted at that time based on regular wave experiments. The conclusion that

‘an equilibrium level of damage may not occur provided motivation to include damage in

a stability model.

Using Thompson and Shuttler’s riprap stability data, Van der Meer (1988)
stated that the damage rate should be linear up to 500 to 1,000 waves but “for large N,
numbers a limit to the damage should be reached (equilibrium).” These criteria for the
relation between damage and the number of waves were limited to tests where damage
was larger than S = 3 after 5,000 waves and where the filter layer was not visible after
5,000 waves. Van der Meer’s discussion of damage progression is limited to widely
graded armor, which may not deteriorate in a manner similar to uniformly sized stone

armor. This will be discussed further in the next chapter.

3.4 Damage Progression Prediction
Table 7-9 in the SPM (1984), included herein as Table 3.1, provides a

deterioration model for armor stability based on regular wave data from model studies
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discussed in Jackson (1968). The table gives damage as a function of wave height
relative to the zero-damage wave height for several armor types. The tabulated values
can be used to formulate an equation for armor stone damage. As an aside, note that the
dolos damage progression in the table is limited to stability and does not include
breakage. But because dolos movement causes breakage, this damage progression may

not be conservative.

|| Table 3.1
Jackson (1968) Breakwater Damage from
Table 7.9 of SPM (1984)
Percent Rough Smooth
Damage Stone Stone
D% HIH,, HIH,,
2t05 1.00 1.00
5to 10 1.08 1.08
10to 15 1.19 1.14
15t0 20 1.27 1.20
20 to 30 1.37 1.29
30 to 40 1.47 1.41
40 to 50 1.56 1.54

A simple empirical model for the best fit line through the data points in the

table for rough stone damage is given by

do do

D% = f[Hi] - 2.79exp( 2-5—) - 18.08 (3.6)
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damage approached an equilibrium after a relatively short duration. Therefore damage

The experiments supporting Table 3.1 were conducted with regular waves, so measured
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and conducted a number of additional experiments and found the damage index S to be

related to the number of waves N,, the significant wave height H,,;, and the mean wave
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L3

€ = tan® / (H/L,)" = surf similarity or Iribarren parameter
H, = significant wave height which is equal to H,,
2
L, = gT’,/Qm
= mea wave nprinrl
T, mean wave period

Van der Meer’s breaking wave tests were performed with a traditional
multi-layer rubble mound where the notional permeability was P = 0.5. This

permeability is an empirical parameter without any regard to the flow throughout porous

media. Using this value of P, Equations 3.7 and 3.8 suggest that S is approximately

proportional to H,” and N,*°. Because the number of waves is defined as N, = 1 /T,
where ¢, is the total run time, these formulations indicate that damage increases with the
square root of time. But because the Iribarren parameter is raised to a negative constant

in Equation 3.7 but raised to a positive power of P in Equation 3.8, the effect of wave

Equations 3.7 and 3.8 are of limited practical use for depth-limited breaking
waves primarily because the supporting breaking wave experiment was extremely
limited in scope. These equations are essentially the same as Van der Meer’s
nonbreaking wave equations except the Rayleigh wave height distribution assumption
of H = H,, /1.4 has been substituted. Van der Meer included the structure slope in the
Iribarren or surf similarity parameter (Battjes 1974), but the beach slope is critical for
depth-limited breaking waves. Van der Meer conducted experiments

. EA B S 3 ] - £ 11812 2 a3 MRV VLAl

slope and used a very narrow range of wave periods. Therefore, the effect of varying
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beach slope or breaker type was not determined. For breaking waves, as the beach slope
steepens, the wave breaking becomes more vigorous (Battjes 1974) and the slamming
forces increase dramatically as the waves start plunging to collapsing (Bruun 1985).
Van der Meer’s spilling breakers were not very severe with respect to stability relative

to plunging or collapsing breakers.

Equations 3.7 and 3.8 do not indicate decreasing stability as the depth to
wave length ratio decreases and the wave breaking becomes more severe. Carver and
-Wright (1991) showed that stability decreases dramatically with decreasing relative
depth. The minimum stability condition occurs where the wave breaking is
characterized by plunging to collapsing breakers at the toe of the structure. Figure 3.3
shows some of Carver and Wright’s data replotted with Hudson stability coefficient, K,
in Equation 2.1, as a function of relative depth. Here the water depth 4, at the structure
toe is normalized by the local wave length L, based on the peak spectral period
computed using linear wave theory. It is clear that the Hudson stability coefficient
decreases with decreasing relative depth. This is a reflection of the severity and location
of the breaking wave and the resulting wave forces. As was shown in Chapter 2, the
critical wave forcing for incipient motion was uplift occurring under the steep wave face
for collapsing to plunging breakers. For depth-limited conditions, as the water depth
decreases relative to the wave length, the wave face steepens, and vertical forces at the

steep wave face are able to loosen and mobilize the stones. Therefore, for depth-limited
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waves, the critical condition for stability occurs for relatively long waves that plunge on

the structure.

damage for a singie design storm. Therefore, they cannot be used to predict damage

development over the life of a structure as is required in a life-cycle cost analysis.

3.5 Variability in Stability Results

Carver and Wright (1991) conducted irregular wave stability experiments
primarily intended to determine random variations of damage initiation due to varying
armor placement and due to variations in wave time series realizations with constant

spectral parameters. Their tests progressed to low damage levels, varying up to 7.7

constant for a given test. But they did vary the wave height and period between
1 h Thig tagt trat
structure rebuilds if the damage had not progressed far enough. This testing strategy is

NI on accitmmad Aam~aga ~aica

They made note of the uncertainty in stability of traditional stone-armored breakwaters.

In Figure 3.3, for each value of relative depth, the stability coefficient is shown to
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scatter widely. They concluded that the uncertainty was due to differing construction
techniques from test to test and different random number seeds being used to generate

the spectra.
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ow Carver and Wright’s data could be used to compute the reliability
of a breakwater with respect to the zero-damage condition of armor stability and how
Van der Meer’s relation could be used to compute reliability of a damaged mound. But
little work has been done on computing the reliability of a damaged rubble mound

through simulated damage using historical storm data.
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Figure 3.3. Hudson stability coefficient versus relative depth for angular armor stone
exposed to irregular waves (Carver and Wright 1991)
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4.1 Overview

The deficiencies of previous damage experiments were noted in the
preceding chapters. Because accurate quantification of damage is required for a risk
analysis, a small-scale laboratory experiment was conducted to quantify breakwater

deterioration. The initial experiment utilized a traditional trapezoidal multilayer rubble-
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¢. Quantify development of damage with changing storm parameters, e.g., water
level, wave height.

d. Quantify profile development as related to damage.
e. Quantify alongshore variability in damage.

J- Evaluate and standardize methods for breakwater profiling.
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Figure 4.2 Model structure cross section for damage experiments



Figure 4.3. Photograph of model structures before testing

In armor stability experiments, breakwater crest heights are usually set high
enough to prevent overtopping from influencing the stability, unless overtopping is the
focus of the study or the breakwater is low crested. But the composite downslope

weight of upslope armor units generally contributes to the stability of the armor layer

to a minimum by setti
allowed for a design wave condition. Thus, experimenting with non-overtopped

structures that have high crest heights typically will not be conservative with respect to
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damage development. For the experiment discussed herein, the structure crest height
above the toe of 30.5 cm corresponded to an elevation of approximately one significant

wave height above the still water level for the larger wave conditions tested. This is

4.2.2 Experimentai test conditions

The test conditions for the initial study are summarized in Table 4.1. Note
that wave period variation and armor gradation variation experiments are not listed in
this table, but were added, and are discussed in Chapter 7. The waves had relatively
long periods in this initial experiment, as this produces the lowest stability (Figure 3.3).
The depth-to-wavelength ratio h,/L, at the structure toe was approximately 0.07 for this

ing linear wave theory and the spectral
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r armor and underlayers for the initial test series
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Tabie 4.1 H
Experimentai Conditions for initiai Damage Experiment I
Parameter Range H
Water depth at toe, h, 11.9-15.8 cm I
Wave height at toe Variable
Peak wave period, T, 2.48 - 2.59 sec
Seaward beach slope, cot o 20

“ Structure slope, cot 6 2
Structure crest height above bottom, h, 30.5cm
Nominal armor stone diameter, D, 3.64cm
Median armor stone mass, M, 128 g
Stone density, p, . ) 2.66 g/cm®

Mg, =128 g, while the underlayer was sieve sized passing 1.59-cm and retained on

probability in stone mass and D, is the nominal stone diameter corresponding to the 15-
percent exceedance probability. The gradation of the underiayer was wider with

Dys/D s = 1.44. The core material was sieve sized, passing No. 3 (0.67-cm) and retained
on No. 4 (0.47-cm) sieves. While not impermeable, this core material was sized small
enough to prevent strong flow within the core. Equations 3.7 and 3.8 indicate that lower

porosity in the underlayer and core results in lower stability. Therefore, the underlayer
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and core were selected to be at the lower end of the range of material that is used in the

prototype.
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Figure 4.4. Armor and underlayer stone mass distributions for initial experiment

The amount of material in the armor layer is determined using the packing

density equation, given in the SPM as
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It will be convenient to refer to damage in terms of the nominal stone

diameter, so the packing density equation can be rearranged to be compatible as

A
a —_—

_— = LA I

A D2 (4.2)
nsN
50

1 iant Th t 1 1 A
where ¢ is the packing density coefficient. The stone armor layer was placed in a

<y~ il nco ot o sraraan marnlieo : £es 2 ~£ A
wo-layer thickness at an average packing density coefiicient of ¢ = 1.2,

The core was placed by shovel, troweled to grade, and washed in place to
naturally pack tight. This process simulates the natural washing action of waves during
the construction sequence. Similarly, the underlayer was dumped onto the sloping core
and lightly troweled to grade. Each armor stone was placed individually by hand,
simulating crane placement as closely as possible. The armor stone placement during

the experiment followed WES guidelines for random hand placement in the laboratory

as follows:
a. Stones were lowered vertically into position
b. Stones were placed on the slope rather than dropped.
c¢. Stones were placed so that they touched their neighbors
d. Stones could not be pushed into a hole

e. Particuiar orientation of stones or placement patierns were avoided.
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4.2.4 Model-Prototype similitude

Many authors have discussed similitude requirements for breakwater
stability including Dai and Kamel (1969), Hudson et al. (1979), Sakakiyama and Kajima
(1992), and Hughes (1993). As such, only a brief review will be provided herein. In
order for damage measurements in the physical model to be scalable, similitude must be
maintained, where the ratios of the dominant physical forces in the model are the same
as they are in the prototype. Because there is no mathematical relationship that
_describes armor damage, dimensional and inspectional analysis and the resulting
empirical relations are relied on to establish similitude requirements (Hudson et al.

1979, Hughes 1993).

The first requirement for similitude is that the model be geometrically and
kinematically undistorted. Therefore, the size and shape of the breakwater, armor and
underlayer stone, surface characteristics of the stone, and the height and length of the
waves must all be undistorted. As described in Chapter 2, the wave forces on the armor
units act to cause damage while the armor unit self-weight and inter-unit friction act to
prevent armor movement. Also shown in Chapter 2, wave forces are typically
decomposed into fluid drag, fluid inertia, and buoyancy. The two important force ratios
that include these forces are the Froude number and the Reynolds number (e.g. Hudson
et al. 1979). The Froude number is the square root of the ratio of the inertial and
gravitational forces or Fr = u/(gl)” where u is the fluid velocity, g is the gravitational

acceleration, and [ is a characteristic dimension of an armor unit or wave height. Froude
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similitude demands that Fr,, = Fr,, where m and p refer to model and prototype,
respectively. The Reynolds number is the ratio of the inertial forces to viscous forces
Re = ul/ v, where v is the fluid kinematic viscosity. So, in addition to geometric

similitude, complete similarity in damage requires Froude and Reynolds similitude or

e -h Es (4.3)
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where N,, N, and N, are the time, velocity, and length scales, respectively. Under
Froude similitude, in order to achieve Reynolds similitude, the following relationship

must be satisfied.
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In order to maintain reasonably close similarity between model and
prototype, armor stability models are usually constructed at a scale large enough to

avoid significant Reynolds scale effects by ensuring that the flow around the armor

remains turbulent. Dai and Kamel (1969) suggested that Re = (¢H)"?D, s, /v > 3 x 10*
will prevent Reynolds scale effects. Their results were based on large- and small-scale
flume tests using regular waves. Van der Meer (1988) stated that the lower limit of
Reynolds numbers should be in the range
JeH D, . .
Re = 1—— 27 > 1x10%*-4x10* 4.6)

to prevent Reynolds scale effects. This guidance is presently accepted practice. In the
experiment discussed herein, the Reynolds number range is 3.1 x 10* < Re < 4.0 x 10*

which satisfies the requirements suggested by both Dai and Kamel and van der Meer.

4.3 Wave Generation and Measurement in Initial Experiment
4.3.1 Wave generation

Waves were generated based on

1

width Aw, by the method of Goda

(1970), which allows closer spectral lines near the peak frequency. For this method, a
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sequence of random phases 0, are specified over the interval from O to 27t. Then the

Fourier amplitudes are found from the relation

is to determine the discrete time series by inverse Fourier transforming the amplitudes
and phases. This method provides a very close match with the target peak frequency

For these initial test series, two wave board drive signals were generated
corresponding to two water depths. The design conditions for wave generation are
listed in Table 4.2. Note that the gain is generator specific but provides a crude judge of

the energy levels because gain is roughly linearly related to wave height.

4&==== ——b————————

I Peak Gain
I Generator| Period as percent of
! Wave Depth T, maximum
cm sec
1 ii2.7 2.50 50
2 112.7 2.50 70
3 112.7 2.50 a0
4 116.5 2.50 50
t 5 116.5 2.50 70
| i o A —n _
| 6 116.5 2.50 90

N
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The random number seed value for the random phase generation was

S

X

different for the two depths. These two signals we

-

z, and ramps of 5 sec

3

v

of 20

1

1

€ board was commanded at a rate

av

each were placed at the beginning and end of the command time series to gradually start

Waves were measured using capacitance-type wave gages. Two arrays of

and stop the wave generator.
three gages, offshore and nearshore, were used as shown in Figure 4.1. Nearshore gage

4.3.2 Wave measurement
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v

layout is shown in Figure 4.5.
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wave gage layout

The gages were calibrated using the following automated technique. Each
gage was attached to a Jordan servo-controller and motor. The wave gage data
acquisition, control, and signal conditioning system consisted of a VAX PDP-11
microcomputer connected to 12-bit differential input analog-to-digital converters,
digital-to-analog converters, and analog filters. A program on the PDP-11 sent signals

to the Jordan controllers sending each through 10 calibration stops twice, covering a
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range. This was the maximum error allowed and the error varied because the calibration

range was different for each gage.

reflected wave spectra and time series at the shallowest gage. Time series parameters
were determined using the zero-upcrossing method. At frequencies containing little
wave energy, the reflection analysis technique can yield poor estimates due to low
signal-to-noise ratios. These regions are indicated by low coherency in the cross
correlation between gage pairs. For this study, the cutoff frequencies were established
to maintain the coherence above 0.3 in the cross correlation between gage pairs. The

analysis technique was not sensitive to coherence cuto

increase in peak energy density due to wave shoaling between t

b

nearshore gages and an increase in wave energy for low ( f< 0.35 Hz) and high (f > 1.0

Hz) frequencies. These figures show that wave energy is being transferred due to
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nonlinear wave interactions from the frequency band 0.35 -1.0 Hz to frequency bands
f<035Hz and f > 1.0 Hz. Figures A.11, A.12, A.14, and A.15, for the larger wave
heights, show a similar transfer of energy but also show a decrease in peak wave energy
due to wave breaking. It is clear from these figures that the wave energy decrease due to
wave breaking increased dramatically as the generated wave energy increased. It is also
interesting that the measured reflected wave energy was much higher nearshore than
offshore. This trend is primarily because wave breaking and bottom friction reduce the
_incident wave energy as waves progress shoreward while the reflected waves undergo
little energy change as they progress offshore. This is consistent with the measured

cross-shore variations of wave reflection from beaches (Baquerizo et al. 1997).

Tables 4.3 and 4.4 list nearshore incident-wave characteristics for the six
wave trains, each of 15-min duration, measured with the structure in place. Table 4.3
lists the spectral analysis parameters, and Table 4.4 lists the time series parameters, both
at the location of the shallowest gage that was 0.91 m seaward of the toe. The values
were computed using the analysis method discussed above with the three nearshore
gages. In Table 4.3, the mean period 7, is defined by the relation
[ £Sn(£)df
= (4.8)
Tm
[Sn(f)df
0
where S, (f) is the energy spectral density of the incident wave and fis the frequency.

The spectral significant wave height is defined here as H,,, = 4m,"* with m = zero
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[(m,)/m]"* with (m,), = zero moment of the reflected wave spectrum. The change

moment of the incident wave spectrum. The average reflection coefficient is defined as
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" Tabie 4.4

|| Nearshore Wave Statistics for Incident Time Series and Related
|| Parameters with Structure in Place

L

Toe " Wave Stability | Iribarren Wave " Wave Stability
Wave Depth"—leight Period] Number |Parameter||Period| Height " Period | Height |Coefficient
h, | Hys T, |Ns=HJAD Eom T Hy, Tino Hy10 Ky=f(H, 1)
cm j cm sec sec cm || sec cm
1 11.9 || 9.38 | 1.76 1.6 0.36 2.16 12.8 2.28 11.5 3.4
2 119 11 116 | 1.69 1.9 0.31 2.13 15.4 2.40 13.8 6.0
3 11.8 132 | 1.74 2.2 0.30 2.22 i7.3 2.53 i5.7 8.8
4 158 || 10.1 | 1.73 1.7 0.34 2.15 14.3 2.31 12.7 4.7 i
5 15.8 || 13.0 | 1.67 22 0.29 2.16 17.8 2.39 16.0 9.3 H
6 15.8 jj 149 | 1.66 2.5 0.27 2.20 i8.3 2.47 18.0 13.2 ||

For a Rayleigh distribution of wave heights, H,,,/H, = 1.27 and H,,/H, =
1.40. Computing these ratios using the values from Table 4.4, H,,/H, = 1.19-1.26 and
H,,/H, = 1.30-1.42, indicating the slight reduction of wave heights due to wave

breaking.

calibration purposes. The wave gage array was moved to the location shown in Figure

= 1 21

4.5 when the structure was in place. Wave heights measured without the structure in
place were smaller than those measured with the structure in place, and the difference in

H

n

., Tanged from 6 to 24 percent. The difference between the two sets of measurements
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was due to the fact that the wave generation system did not allow absorption of reflected
and re-reflected waves within the flume; so wave energy built up in the flume during

testing. It should be noted that systems that absorb reflected energy are only partially
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determine the rate of increase of wave energy. For this analysis, the wave time series
were divided into eight segments, each of 4,096 points or 3.41 min, except the first
segment which was 2,048 points. Both the first and second segments started at the
400th data point or t = 20 s and the final segment ended at the 16,784th data point or ¢ =
14.0 min. The segments overlapped by 2,048 data points, and each segment represented
approximately 120 mean wave periods, except the first segment, which was about 60
wave periods long. For each segment, the incident H,,, was calculated using the

technique described above. Figures 4.6 and 4.7 show the wave height variation for A, =

~J
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wave heights measured with the structure in place were used, as they were more

accurate than those measured without the structure in place.
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Figure 4.6. Wave height variation throughout Waves 1, 2, and 3 at 11.9 cm toe depth
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Figure 4.7. Wave height variation throughout Waves 4, 5, and 6 at 15.8 cm toe depth
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The wave reflection analysis as used assumed a flat sea bottom and that
linear wave theory was valid. But the bottom of the flume sloped at 1V:20H and the

waves were clearly nonlinear. An analysis was done to determine the sensitivity of the

raAge 1 rpcn]fpﬂ im nn f“; arancea 1Tor ')!nprr‘pnf f]l arance Tor ‘2“!“ 751’\Prf‘l2“f
Uusv Ly IVOUILVALL 121 11V UllIVAVIIVGY 1UL ‘lm()’ et tJ\./l\/\/llL Uillviwviivw 1U1 lls, (€3 9LV Ay tl\./L\.«UllL
Aiffavrannca foar T Tha Aiffaransra in danthe hatiyyaan laga 1 and tha array cantar arag
QIIICICHICE 101 i1yq,. 111€ QIICTENCE 111 GEPUIS DEIWELTI \Udge 1 alla i€ daifay CENnier was
Iy Ir < ~ 1.1 1 Ir 1 r

1 closest to the toe were approximately the same for repeated tests. This is important, as
the damage was shown to be approximately proportional to the fifth power of the wave
height in the previous chapter, exaggerating any errors in wave height measurement.
Therefore, the more stable values of H, and H,,, are relied on in the analysis that
follows. Comparison of measured wave heights with breaker index curves, such as
Figure 7-2 of the SPM, showed that the maximum H,,,, would just break at the mean

period in the depth of the shallowest wave gage, approximately 1 m from the structure

toe.
The Triharren narameter or curf cimilaritv narameter (Rattiec 1074) i¢
A 1IN AAAUULLINVIE t}ulull‘v‘-vl VL Oui L UALLLLLMLLLJ t}mulll\/\,\/l \UMLLJ\/L) Py ‘l’/ A0
Aafinad ag
aciinea as

tan®

oY
I

.
=zl
—~
-~
\O
N

>
™~

~
o



where L, = gT?/27 and tan 0 is either the structure slope or the beach slope, depending

,,,,,,
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corresnondine to snilline waves. 0.3 < £ <2 to nluncine waves. 2 < £ < 3 to collansino
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heights were depth limited. So the beach siope was the critical parameter dictating the
type of wave breaking near the structure and was therefore used to compute &. It is clear
from Tables 4.3 and 4.4 that, for these tests, the most severe waves were primarily
plunging. This corresponds to the design condition for most United States shoreline
applications. The relative depths show that the wave condition selected is near the

worst case for stability according to Figure 3.3.

The stability numbers shown in Table 4.4 were in the range N, = 1.6-2.5.

ge of N, = 1-4 for conventional breakwaters suggested by Van
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4.4 Effect of Overtopping on Stability
The effect of wave overtopping on armor stability was investigated by Van

der Meer and Daemen (1994). They gave a reduction factor for stable armor size as
(4.10)

for 0<R’<0.052

k, =
1.25 -4 p
with
. R [s » 2nH,,
Ry = alom » = 4.11)
8T,

P
He N

[

where R, 1s the freeboard or structure crest height above the still water level. There is an
odd mix of wave height statistics in Equation 4.11. Substituting the conditions in the
experiment discussed herein yields Rp* of 0.063 - 0.076 for the toe depth of 4, = 11.9 cm
and 0.047 - 0.058 for h, = 15.8 cm. Therefore, the 11.9-cm depth is outside the range of
applicability of Equations 4.10 and 4.11. Actually, wave overtopping was negligible in
the shallow depth of 2, = 11.9 cm. For h, = 15.8 cm, the range of stable armor size

reduction coefficients is 0.98 < k, < 1.0. Therefore, wave overtopping had negligible

effect on stability of the armor layer
* .
4.5 Armor Profiler and Profile Measuring Technique
A ctemrntrirn mrnfFilan cimnilar 10 Annmnnnt ¢4 that 120ad laxr MNarxriac at a1 7100 AN
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was constructed. ~
o participated in the planning and setup of the project.

=

The profiler, shown in Figures 4.8 and 4.9, consisted of eight aluminum profiling arms,
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Figure 4.8. Plan (top) and profile (bottom) views of breakwater profiler
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Figure 4.9. Photograph of breakwater profiler
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Note that acoustic and laser profiling instruments were available as

alternatives to the mechanical system used, but the signal returns off the irregular stone

provides varying resolution of voids depending on the depth of penetration between
stones and so corresponds to a range of sounding disc sizes. No attempt is made herein
to relate the sphere size to the WES sounding disc size since there exist no damage
progression data from the historical records that are directly comparable with data
obtained for the present study. The profiler arm pivot point was at a fixed elevation just
above the crest of the structure with the profiler arms extending back toward the

structure. The angle of an arm at any point during the profiling process was determined

LARUAVANAULUL Ba A

to the flume wall
It was required that the profiler arms be just heavy enough to continuously
follow the structure without plowing, or moving stones. Another requirement was that

the structure be profiied without iowering the water ievel between runs. Therefore, the

hinge point, rod Iength, rod and ball weight, and counter weight were chosen to provide
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an optimal balance over the length of the slope, where the profiling rods were out of

carmmla 11 E DEN
SAIPIC up 10 LoV

rr 1

D682SH modules that inciuded 12-bit differential input analog-to-digital converters

2

>

and programmable Bessel filters. The MEGADAC also included power amplifiers to
provide power to the potentiometers. The digital voltages were recorded to a hard disk
within the PC at 20 Hz. The speed of the carriage over the structure varied, so this
sampling rate produced a variable spatial sampling resolution. But, in general, the
horizontal cross-shore sampling resolution was approximately one sample per

millimeter. Optim, Inc. TCS software was utilized to control data acquisition.

e A a wvnaltaosa Aiffavni nnc o A1 T . PPN [ P Y
ana tne voitage aitferences recoraed. 1ne resulting voltage-to-a

daily specific calibration coefficient for each potentiometer. Prior to each profiie, the
output voitage for each potentiometer was set to zero on the fixed bar just above the

breakwater crest.
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The elevations of each sphere bottom above the toe, z,, and horizontal
distances from an arbitrary starting point, x,, were determined using the potentiometer

measurements. The profiler sphere horizontal coordinate was computed as x, = x, +

L(1-cos ), relative to x, = 0 with ¢ = 0, and the profiler sphere vertical elevation above
bottom was computed as z, =z, - Lsin ¢ - D/2, where L = length of the profiler arm
from pivot point to center of sphere, ¢ = angle of the arm from horizontal, D = sphere
diameter, x, = transverse distance the carriage moved, and z, = elevation of the arm
_pivot point. Figure 4.8 shows a definition sketch for this transformation, where the

initial carriage position x, = O corresponds to the initial sphere position x, = 0 with ¢ =
0. The measured sphere elevations were averaged over a 0.5-cm interval in the cross-
shore direction to remove small variations in elevations resulting from minor stone
settlements that occurred during the tests. This is an essential step as this “noise” will

cause a bias in the eroded area calculation.

For each arm, the eroded area was calculated using a Simpson’s Rule

numerical integration of the damaged profile below the undamaged profile. The eroded

damaosed nrofiles. Thi

damaged profiles. This 1orm

was interpolated to obtain the slope-normal distance. The

slope-normal minimum depth of cover at a given time ¢ was calculated as the minimum
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vertical difference between eroded profile and underlayer multiplied by the cosine of the

structure slope angle or

~
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profiler probe size in comparison to the undamaged armor profile.
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was not required for the depth of cover as the underlayer was smooth r



5.1 Overview

In all, five test series were conducted with two structures in the flume within
-this initial experiment. The first test was not repeated. The other four series included
two originals and two repeats; so three unique series were conducted and will be

described in Chapters 5 and 6: Series A', B', and C'. As noted earlier, additional test

in Chapter 7. Table 5.1 describes the test sequences for Series A', B', and C'. Tables Bl
thranioch R2 in Annandiv R nravida o manrae datailad ciitmmaruy af the Qariag A’ R’ and '
unvuxil LU 111 l_\lli,)\./llull\ iJ PIUVIUU A if11viv uvialiviua ouuuucu_y Ul LIV DIVLIVD /13 4 17, AUl U .
I
| Table 5.1
I! Summary of Test Series for Initial Damage Experiment
I
( Order of Wave
|| Test Test Conditions Water-Level Test Duration,
“ Series Type (Tables 2 and 3) Order hr

A’ Deterioration to 1,2,3,4,5,6 Low - High 28.5

failure

B' Storm ordering 1,2,3,5,6 Low - High 8.5
I cC’ Storm ordering 4,5,6,2,3 High - Low 9.0
=
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For Series A', lasting 28.5 hr, the general experimental strategy was

indication of the long-term deterioration of a structure. The

was run until an apparent equilibrium was achieved. The structures were exposed to a
total of approximately 60,000 waves for Series A". This is equivalent to 100 to 250 hr of
accumulated prototype storms for mean wave periods ranging from 7 to 15 sec. The

number of waves was computed by dividing the run length by the mean period of the

incident wave time series.

For Series B' and C’, the testing strategy was intended to simulate damage

variabilities. The total run length for B’ and C' was 8.5 and 9 hr or approximately
18,000 waves. Damage did not progress to failure for Series B’ and C'. In Series B’, the

three wave heights at the low water level were run first (Waves 1, 2, 3), followed by the

two highest wave heights at the high water level (Waves 5, 6). Series C' was similar
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except the high-water condition was run first followed by the low-water condition
(Waves 4, 5, 6, 2, 3). Throughout the experiment, the waves were run in 15 min bursts,
with the water completely settling between wave bursts. Profiles were measured after

each two of these bursts, every 30 min of waves.

5.2 Damage and Eroded Profile Parameters

In Chapter 3, damage was characterized by the nondimensional eroded area
S defined by Equation 3.1, and this parameter is used td describe damage herein. For a
. démage analysis, the shape of the eroded portion of the slope may be characterized by
three parameters of primary engineering interest shown in Figure 5.1: cover depth d,,
eroded depth d,, and eroded length /,. The cover depth, the minimum remaining depth
of the cover layer along a profile, was shown by Torum et al. (1979) and Davies et al.
(1994) to be a useful parameter to characterize the reserve capacity of the armor layer.
For this experiment, the nondimensional cover depth was computed as the minimum
depth of armor layer remaining for each measured profile after each 30 min of waves

and normalized by the nominal stone diameter as

C== (5.1

where d, was computed using Equation 4.12 and C is the normalized minimum cover

depth.
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Figure 5.1. Sketch of breakwater profiie with definition of damage parameters

In this study, eroded depth and eroded length are introduced to describe the
shape of the eroded area. They are parameters of primary engineering interest,
providing a description of extent of damage normal to and along the slope, respectively.
The eroded depth is defined as the maximum difference between undamaged and

damaged profiles measured normal to the slope and is normalized as

d
E=— (5.2)
D (3.2)
n50
Tha arndad Aanth 10 11cafiil haraiica it givac an indiratinn Af nrAaagraco tavarard Faithiiea
111U Ciuulu UCl)lll 1D UdLiuUl vLLaudu 1L slVCb all 11iuivatiuvll vl plUélC\ D> luwaiu 1auulc,

and cover depth is approximately equal to the initial cover layer thickness ?,

ta = (E * C) D:‘i50
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which is only approximate because the maximum d, and the minimum d, may not occur

at the same location due to variability in the original layer thickness.

The eroded length /, is defined herein as
24,
L = (5.4)
y .
and the normalized eroded length is given by
! 24D 28
e e
L=—-— = — (5.5)
UnSO ael n50 L

Here the dimensional eroded length [, is not measured directly, but is a derived value. It
is roughly equivalent to the surface length of the eroded region along a profile. As seen
in Figure 5.1, the eroded length characterizes the along-profile length of the roughly

triangular eroded area and describes the along-slope extent of damage.

5.3 Probability Density Functions of Damage, Eroded Depth, and Cover Depth
The number of damage profiles measured at a given time during damage

accinn 1o dannta . in the fallawing whera — 1+ Qariag A an —
Progressioii is denoted b z)\vrp in the fuﬂuwxug, here 1Av’p = 16 for Series A" and Pvfp =32
e Qaviaa R awnd 7 ML AT 1€ O T X o1 et M
I0T DECrieS b ana o 11N€ IVp vdlues 101 o, £, dild C dI€ dlldlyZCd Stdalistcally 1o 1€¢auce

the number of measured values and separate the variability along the structure from the
temporal variation associated with damage progression. First, the mean and standard

deviation of the N, values of §, E, and C are calculated. The standard deviations Og O
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and o of S, E, and C indicate the variability of S, E, and C among the N, profiles. The

means and standard deviations of §, E, and C vary with damage progression.

The Np values of S, E, and C are normalized as

(5.6)

where the means, indicated by overbars, and the standard deviations, g, of S E', and C”
_are zero and unity, respectively. As an example, the mean and the standard deviation

for Series A’ after each 30 min of waves were computed as

N
— 1 2
S=—3S, N =16 :
NS N, (5.7)
r
1 & <
og = Vﬂg(s’,-sﬂ N, =16 (5.8)
14

where S, is the individual measured value of S. The probability density functions P(S"),
P(E"), and P(C") are calculated using the N, values of §", E, and C", respectively, where
the range between the maximum and minimum values is divided into eight bins of
constant spacing. Admittedly, eight bins do not yield a fine resolution, but the number

of data points for this estimation is limited to N, = 16 or 32.

In summary, the N, damaged profiles measured every 0.5 hr yield one data

set consisting of means and standard deviations of S, E, and C and the probability
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density functions of $*, E* and C*. The number of data sets is 57 for Series A’ lasting

28.5 hr, 17 for Series B’ lasting 8.5 hr, and 18 for Series C’ lasting 9.0 hr. For the
undamaged profile at the beginning of each test series, § =0 and E =0, which yield

(’ o n e} - n p - n ﬂ“f{ e} - n \lth‘l‘P hP cnhcr‘rtr\f 7ern ;nf]lf‘ﬂ ag n‘nhal ‘IQIIIPC ]:nr
) ™ Uy Ugy — Uy £) — Uy QUU Upy — Uy WLVIU UV SUUSVILPL VIV JIUIVALUS 1uIuds VAaiuvs. 11Ut
an 1mmdamaaand ctrmintiira tha nrahohility dancity fisnatinnge nf Cand L ara tha Aalta
aii utiualilagou stiuviuly, UL Pluovauliity ULLISILY 1UlIVUULIS UL o dallu Lo dalL v uciia

n the other hand, the normalized cover

=)
o

be computed because o, = 0 and o, =
depth C for the undamaged profile is a statistical variable related to the placement of the
armor layer. The N, undamaged profiles are analyzed in the same way to obtain the
mean C,, the standard deviation 0, and the probability density function P(C*) at the

beginning of each test series.

The probability density functions of $*, E*, and C* exhibit large scatters but

do not indicate any specific variations with damage progression and among the three

5 2 recnectively whereag all 05 data cete of P((%*) are nlatted in Fionre 8§ 4 The
-J’ I\JOIIVVLJ VVAJ, YYLIWwIVAD (1l o/ Ut Ovil) UL I \\/ / [S9 8 ¥4 ylvll\/u 111 1 lsul\/ T A LI
gtandard nAarmal Aigtriliitinn givan hy
sLaliiudalu 1iuilditiidl Uuibuiivutiiuvlil EIVC 1 U.y
P(y) = exp(-0.5y%)/y/2n (5.9)

with y = §*, E*, or C* is also shown in each figure for reference. Note that a fit to the
distribution was not attempted because each data set consisted of too few points to

determine the fit error. The data points in these figures scatter about the normal
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distribution. - The approximate ranges of the data points in these figures may be chosen

as
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which are in the range from -3 to 3. The corresponding ranges of S, E, and C can be
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5.4 Temporal Damage Development

The means and standard deviations of S, E, and C are used hereafter to
examine damage progression. Figure 5.5 shows the structures prior to Series A'.
Figures 5.6 through 5.8 show the measured profiles at the beginning, midway through,
and at the end of Series A". In Figure 5.6, one profile and the average of all eight
profiles on one of the structures at the beginning of Series A’ are shown. In Figure 5.7,

the average profile is shown along with a photo of the structures at the midway point of

.the series. This figure corresponds to an average damage level of §=6.5. It may be

seen from the photo that the top stones in the cover layer have been eroded sporadically
over a wide region near the still water level. Figure 5.8 shows one profile and the
average profile at the end of Series A’, where the underlayer is exposed through a hole of
D, 5, diameter. Figure 5.9 shows photos of the structures following Series A”. It is clear

that most of the armor layer has been mobilized.
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Figure5.5. Photographs of undamaged structures prior to Series AN
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Figure 5.9. Photographs of structures following completion of Series AN,
damage level of p =12.8
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Figure 5.10 shows the number of waves N, versus the measured average

stabiiity number ranged from 1.6 to 2.2 for the shaliower depth and from 1.7 to 2.5 for
the deeper depth. In this figure, the significant wave heights H, and associated stability

numbers N, are listed across the top of the figure, while the water depths at the toe are

listed across the bottom of the figure.
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Figure 5.10. Number of waves versus mean damage + one standard deviation for Series
A ’
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Figure 5.10 shows that the rate of damage increased with wave height, and

damage became more scattered as the damage increased. Although the wave heights

increaced ceveral ctonec higher on the ctrmictiire (at the new ctill water lavel) were
AllviVvAOwU, Ow ¥V widl OtvlLIvy lllsll\/l V11 Lilvw Juauviul v \ut Lilvw 11V YY Oullll VYV dlwi lvvvl} AAA Y 4 %3
A 1 AA4 tn tha dam hinh o ~antarad at tha lagrar ofill xxratar laval
GiSp1aCea GoOwil im0 ui€ Gainage arcd, wiiCn was Cenicrea at uic 1I0Wer Stin Water 1evel.

™
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ese small increments of damage approximately correspond to one stone displaced.

Although the structure visually appeared to stabilize at various times during
Series A’, Figure 5.10 indicates that the structure never really stabilized or reached
equilibrium, where further waves produced no additional damage. Thompson and
Shuttler (1976) noted this for their riprap tests. It is also clear that an extraordinarily
large number of waves was required to induce failure. For Series A’, approximately

60,000 waves at significant wave heights appreciably greater than the no-damage wave

height were required to fail the structure. Again, failure was defined as exposure of the
underlaver thronioh a hole at leact D __in diameter icher mean damaoe value at
MAAUULLULJ WAL LLi1X Vuéll 4 LIVIW AL AviaoLy ‘/’150 111 iQiiiwviwvi PN lll&llvl ALIN/LRLIA uulxlus\/ YyQaiuw av
ailnre wae recardad for Qeriac A than wac nnated hy Van dar Maar A 1Q22Y Van Adar
AAliUlVv YYAO 1IVLUUILIULVUL 1UVL JVIIVO /1 LIl vwwao 11vivu v ¥V All Uvl ivaivul \.l/UU} ¥ All ULl
- aga valita nf §— wharane C— 12 ot failizra e Qariag A' T
Meer qt‘l(‘lted a failure damagc value of §'= 8, whereas S = 13 at failure for Series A". It

of stones. This led to high damage values at failure, with most of the first layer of

stones moved before the second layer began moving. Most other recent damage testing
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has been done with riprap, which consists of stone having a wide mass distribution

(Thompson and Shuttler 1976; Davies et al. 1994). Riprap may not exhibit this

The sawtooth nature of the damage curves was caused by partial self-
hanlimme T A ctmsma smrnsrad ~sstb ~AF 40 Tanntimm amd ctnstbad Iacrrenclacman $lan canwt cmse i1
HCalllyg. 11 d SLVIIC HIVVOU DUl UL 1L 1uCdallull aflud Stallou GOWIDIOPCEC, UIC 11 L Proinc

would show a hole and relatively increased damage. Buf during the following wave
"burst, the hole would fill in through adjustment of surrounding stone so that the next
profile would show a partially healed structure. This healing process can be clearly seen
in Figure 5.10 just after the water level was raised. Over time, the structure became

more and more loosened, to the point that it could no longer heal itself because the

surrounding stones were also displaced.

Series B' and C' were similar to Series A’ in that the wave and water level

13 ! ! ’
B’and C'. The results of Series B’ and C' are tabulated in Appendix B. Mean damage
. ’ ’
versus number of waves for the storm sequences of Series B’ and C’ are shown in

3
>
-
)
Y
)
>
3
'R

nean. For these series, the 32 profiles ute each data point,
corresponding to the four repeats with eight profiles each. The characteristics of armor
deterioration for Series B’ were similar to Series A’ because the order of the storms was

the same for both series. But for Series C', Waves 4-6 at the high-water level increased
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damage initially. Waves 2 and 3 at the lower water followed but caused little additional

damage to the segment of the armor layer damaged by Waves 4-6. This suggests that

As one would expect, the damage rates differed for the different storm
e daion s Dt the lémate domiaoe at thia and ~F tha cfaem camianene rac @i oln ol
orderi ig But the ultimate daluagc at the end of the storm Sequence was Surprisingiy
_____ (SR » PHPE TPL TSR DISI L RSP PRSI T SRS S SUSTIPE T SR by
COIISISLICIIL. DO LU 1CdIl AdI ldg daia e stdnadard acviation 10r ue 1our reped[S WErIe

o, = 2 for both series. Although the testing was by no means comprehensive, it suggests
that damage and variability are similar after being exposed to similar cumulative wave
action with different sequences. This is useful in determining the reliability of a
structure because the cumulative damage may be assumed to be the sum of damages

caused by individual storms.

of the minima from the 16 profiles, while the mean eroded depth was computed as the
1 £ th 14 fil i £ 12 ¢chnwe tha a Aad A th
mean of the maxima from the 16 proius. Cigurt J3.15 sadws i€ mcan SroGea Geptn
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waves, both for Series A". These figures clearly show the periodic healing process as a

jagged sawtooth shape to the curves. They also show that the armor layer thickness

decayed to an equilibrium level, with an asymptote at C = 0. Figure 5.15 shows that the
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settlement but not displacement as damage was initiated
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Figure 5.16 shows mean eroded depth and mean cover depth versus mean

damage for Series A". As one would expect, cover depth is inversely related to damage,
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Figure 5.17. Mean damage versus mean maximum eroded length for Series A’

Figures 5.18 through 5.23 show that the profile development characteristics
for Series B' and C’ are similar to those of Series A’ discussed above. Figures 5.24

through 5.27 show means of the three profile parameters versus mean damage for Series
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Figure 5.26. Mean damage versus mean maximum eroded length for Series B’
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Figure 5.27. Mean damage versus mean maximum eroded length for Series C’
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6.1 Damage Variability

Figures 5.10 - 5.12 indicated that the standard deviation of damage S
-varying along the structure increases with mean damage S. Figure 6.1 shows the
relationship between o and S for all data in the three series plotted in Figures 5.10 -

5.12. The scattered data points for the three series may be represented by the relation

5 0.65
5. =055"% (6.1)
Us — V.J o N 7
which is the solid curve shown in Figure 6.1. This relation implies that damage

ility along the structure increases with the mean damage. On the other hand,
increasing 8. This implies that higher damage ievels may be estimated with smaiier
relative errors. The correlation coefficients for the three series for Equation 6.1 were all
r=0.99. An example of the use of Equation 6.1 is illustrated for § ~13 at failure of
Series A". Substituting $'= 13 into Equation 6.1 yields o, = 2.65. The approximate
range of -2.7 < §* <3 in Equation 5.10 corresponds to 6 < § < 21, indicating damage

variability of a factor of 3.5 along the structure.
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The correlation coefficients for Equation 6.2 were r = 0.99 for all three series. Equation

6.2 indicates £/8”’ is approximately constant. This implies that the average shape of

‘5.23, 5.26, and 5.27 is analyzed in the following. The mean eroded length £ is simply
defined as [ = 2A, /d,, corresponding to a triangular shape. The normalized eroded
length L= [ /D,s, is then given by L = 2.8/E, as shown in Equation 5.5. From the
measured values of Sand , the corresponding values of Z are calculated to examine
the variation of L during damage progression. Figure 6.4 shows all calculated values of

L for the three series against the corresponding values of S. Figure 6.4 also shows the

following relationship derived from Equations 6.2 and 5.5

—_ (A AN

L =44+S§ Y
The crarralatinn cnafficiante for Eanatinn 6 4 wara » — N QR far Qariag A and » — N QQ far
11lv Lvuliviatlull VUVLILIVIVIIW 1VU1 u\iuauuu V. T WullLv 7 — U,70 1V1 JUlILYO 11 allu 7l — VU, 77 11Ul
CQawming P! and Y Ac an mavaminda ~ftha sion ~E T atintime £ A €z O 172 o8 £o51:7000 £mse
DCLICY D dlill © AD dll CKdlllplU Ul U1C UdC U1 un' LOUIl V.4, 101 O =10 dl 1dlUIC 101
QAT T Al L 1,704 131 1. 1T 1 1 21
OCTICS A, BEquations 0.2 and 0.4 yield £ = 1./ and L = 10, 1Inplying tne average

damaged profile at failure extends 16 stone diameters along the siope. For the model

structure with D,s, = 3.64 cm shown in Figures 4.2 and 4.3, this damage extent
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corresponds to most of the seaward slope and crest of the structure as shown in Figures

5.8 and 5.9.
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Figure 6.4. Prediction of mean eroded length as a function of mean damage for Series
A',B',and C'

Finally, the normalized minimum cover depth C is analyzed to examine the

damage progression. The m
o r (=4

, h N , . ~
11 1IAEC VITUEL0DMIULL. 11l 111 Ul v uy 1 C

r LV all

for Series A, B', and C’, respectively, and the initiai value of o at N, = 0 was g, =

0.14,0.17, and 0.22 for Series A', B’, and C’, respectively. To account for the
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differences of C, and o, (C, - C) and (0o - 0,) are plotted against .$' for all the data

i

Lo

<

v

Lo

v

X

4

X

points of the three series in Figures 6.5 and 6.6, respectively. The empirical
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Figure 6.6. Prediction of standard deviation of minimum cover depth as a function of
mean damage for Series A', B', and C’

For Equation 6.5, the correlation coefficients were r = 0.99 for all three

series. Figure 6.5 and Equation 6.5 indicate that the mean cover depth decreases

above. Figure 6.6 and Equation 6.6 indicate that the standard deviation 6, representin
yvrarinhility; ~f Anvae Annth alang tha ctmintiien imnrancac cnmairhat itk Ao nsa
the variability of cover depth along the structure increases somewhat with da nage

progression and then decreases as the cover depth approaches zero. It is noted that

Equation 6.6 overestimates 0. somewhat for Series C’ as can be seen in Figure 6.6.

A failure criterion based on the normalized minimum cover depth C is

explored in the following. Using the lower limit of C* = (C - C) /o, in Equation 5.10,
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the lower limit of C may be estimated as (C -2.70,). The failure may be assumed to

0.18 + 2.7[0.098 - 0.002($-7)*] = C, - 2.70,, (6.7)
0
This criterion accounts for the initial minimum cover depth and its variability along the

\|
)

1

Equation 6.7 for mean damage for Series A’ yields $'= 10.9 at failure initiation,

compared with §' = 13 measured. The failure initiation criterion of Equation 6.7 based
on the lower limit of C* of all data points plotted in Figure 5.4 yields the lower limit of

the mean damage at failure. The upper limit of mean damage at failure may simply be

estimated by C = 0 in Equation 6.5. This upper limit is $= 16.5 for Series A".

6.3 Temporal Damage Development

o, L, C, and o.. These relationships have been obtained by analyzing the measured
profiles of the armor layer and underlayer without regard to the incident waves and
water level. This statistical analysis indicates that the damaged profile statistics can be
represented by the mean damage S. The next step is to predict the temporal variation of

S on the rubble-mound breakwater exposed to depth-limited breaking waves in

sequences of storms with varying wave conditions and water levels.
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The empirical formulas of Van der Meer (1988) indicate that breakwater
damage due to depth-limited waves is a function of N, T,, and time ¢. In addition, it is
likely that damage is a function of structure slope, structure permeability, armor
gradation, armor porosity, armor stone shape, and method of armor placement. None of
these latter parameters except armor gradation were varied in this study. Gradation is

discussed in Chapter 7. The remainder of the parameters will be investigated in future

studies.

In the following, the depth-limited breaking-wave stability data of Van der
Meer (1988) will be used to develop relations for damage progression. His depth-
limited wave and measured damage data are shown in Table 6.1. The particular data set
shown in Table 6.1 corresponded to a structure slope of 1V:2H, a beach slope of
1V:30H, and the stone armor characterized by Dgs / D= 1.25, D,5,= 3.60 cm, and
A=1.615. The table shows that, for toe depth A, = 0.4 m, the waves were only
marginally depth limited because H,/h, was in the range 0.26-0.31. Therefore, Van der
Meer’s data provide only eight tests where the waves were clearly depth limited (k, =
0.2 m). The temporal development of damage cannot be deduced from these data

because the damage was only given after 1,000 waves and 3,000 waves.

From Van der Meer’s data, it can be seen that the surf similarity parameter
with respect to the beach slope for the eight breaking wave tests 9-16 ranged from 0.20
to 0.25. This suggests that all were spilling breakers, which is not the worst case for

armor stability. As explained in the previous chapters, plunging breakers expose the
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£ = [6.2P%!/tanB]? (6.8)

Tl

N =C 62PQ PQ(0'18P70‘065)(COte)O'ZSQ I (6.9)

—
3
D ———

where
N, = H /AD,s, = stability number based on the significant wave height
Cy = empirical coefficient introduced here

N, = number of waves associated with the damage S starting from zero
damage

stability equations. In the present experiment, incident irregular wave breakers were

spiliing and plunging on the 1:20 beach siope and collapsing and surging on the 1:2

structure slope. However, plunging waves on the beach were also observed to hit the

-
)
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structure directly. Consequently, although it is likely that the beach slope was most

influential on the breaking process, an appropriate slope for £, is uncertain and Equation

-eight tests with toe depth #, = 0.4 m and

1,000 and Cy = 0.99-1.19 for N, = 3,000. For eight tests with 4, = 0.2 m and H
0.64-0.72, C,, = 1.03-1.27 for N,, = 1,000 and C, = 1.09-1.34 for N, = 3,000. The
present experiment with H_/h, = 0.64-1.11 using Table 4.4 is more similar to the eight

tests in Table 6.1 with 4, = 0.2 m. So C, = 1.2 is tentatively assumed in Equation 6.9.

Equation 6.9 is rewritten as two damage formulas in the following to
facilitate the representation of incident random waves in time series and spectra. The

: model, based on wave time series statistics,

(P 8 0. 3 1way 1 s 11l L V2 §

first damag

b
c:nMS{ t‘ T
O a ivg {0.1U)
T,
\ “m)
[ Y T AT PR SRR ER R TR b SN S SR PR B.0VS. A, g B PO . A
where 1 =T, N, is the test duration for constant wave conditions. The empirical

=)
—
o

coefficient a is related to cot 8, P, and C,, and b in Equation is introduced for long

duration tests, where b = 0.5 in Equation 6.9. The second model is based on the wave

frequency domain statistics and has the form

fum—
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conditions.

The expression for g, in Equation 6.10 can be found from Equation 6.9
where P = 0.4 for conventional rubble-mound breakwaters. For C, = 1.2, P =0.4, and
cot 0 =2, a, = 0.003 for Equation 6.10 if b = 0.5 is applicable to the present long
duration tests. Van der Meer (1988) analyzed the five long duration tests with NV, up to
15,000 conducted by Thompson and Shuttler (1976) and obtained the term $/N,°’ in

Equation 6.9 for N, = 1,000-8,500. His data analysis indicated b < 0.5 for N,, > 8,500.

Tha amniriral ralatinnchin 1n El‘l)!ﬁf;r\h A 1N i limitad ta damaoca Ana tn

11Iv \.«lll]_)lll\.«al l\alall\)llbllll} 111 L\iuauuu V.1V 10 11H1iwvu w ualllaé\/ uuv W
mrirdant 1911 Thse sxrnxrno sxridle nmemctnemt LT ~nd afartinea Frnen (_‘= N At + N A o
HICIUCIIL lllcguldl wdveod WIL CuldLallt HS ald lm Slaltl 15 HLUHI O =V dliI —=VU. Add

result, these formulas and other existing formuias are intended for prediction of damage

during the peak of a design storm. In order to develop an empirical procedure for more
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realistic conditions of H, and T,, varying with time, the rate of damage increase d.S/dr is

obtained from Equation 6.10 as

ds Sa-b p-1
— =abN T 't (6.12)
A 3 n Vs
dt
which is assumed to be valid at arbitrary time z. To apply Equation 6.12 for H and T,
varving with tima ¢ tha ralatinn miigt ha infagratad niimaricallyy with an arhitrarsg initinl
va. yl 15 WLl LT ¢, LHIC 1C1Aaliull 111UdL UC uubsxau.«u 11uliiviivals wWilll all a1 UlLLClL.y 111iuual

n

i1

constant for a short duration. mtegrauon of nquauon 6.12 for the duration of constant

H and T, lasting t =t,to t = t,,, yields the mean damage at arbitrary time ¢
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where $(¢,) = known damage at t=t,. Use of Equation 6.13 for each interval of
constant H_ and T,, in sequence allows one to compute $(z,) for incident wave

conditions represented by H, and 7,, varying with time. Alternatively, representing the

Tra . Cra N ard r-rv‘b/lb , by r ) , ) s AN
S() = 5@,) +a,N,,T,7(t"-1) fort <t<t | (6.14)
Equations 6.13 and 6.14 are valid for an undamaged structure (S = 0 at # = 0) or

damaged structure, S(¢,) = S, at t = 1,. Using the coefficients predicted by Van der

Meer’s data, a, = 0.003 and b = 0.5, Equation 6.13 follows the general trend of the data

o
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but underpredicts damage up to N,,=5000. For a greater number of waves, this equation

summarized in Appendix B. In order to get a more gradual increase in 5(7) it was

1
]

C>
)
w
o

_necessary to raise a and lower b. The final coefficients were a, = 0.025 and b =

Equation 6.13 and a, = 0.022 and b = 0.25 for Equation 6.14 yielding the general

predictive relations for mean damage progression due to breaking waves for time and

frequency wave statistics, respectively, as

Tia - © Aosc AN T 025 025 0.25, T
S = S(z,) + 0.025(N YT, = (¢°» -1, fort <t<t | (6.15)
S = St,) + 0.022(N, )°T, % (9% - 1% < 6.16
(0 = 5¢,) (N,,,)’ (" t, ) fort <r<t (6.16)
Figure 6.7 shows Equation 6.15 (dashed line) and Equation 6.16 (solid line) plotted
againgt tha damaga Aot AfFDigriea & 1N fAr Qanriagc A7 Tha tiann dAamaags 1o tall
asalum uic udil 1a5c Udla ul 1 ISUIC J.1IU 10U OCLITd Y A 1 11T 11iCail udl 1agc 1> WLl
PURST. BASR B PN AR A 1Y ~JNSTR [ g 1 (RS I PRI of o J . PR od n nn £ 1 il
preaicicd vy £quationls 0.10 alld 9.10 Wit a COIreiation COCIIICICNL O1 ¥ = V.77 101 DO

o

equations for this series. Similarly, Figures 6.8 and 6.9 s

5

ow that the equations predict

damage well for Series B' and C’, with correlation coefficients of r = 0.99 for both.

Equations 6.15 and 6.16 are therefore generalized for Series A’, B’, and C'. The
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agreement for Equations 6.15 and 6.16 is good for the three series except that the
formulas do not predict damage stabilization adequately. This deficiency becomes
much worse for b = 0.5. The calibrated value of b = 0.25 indicates that damage varies
less with time # in the long duration experiments using uniform-sized stone armor. The
calibrated values of a, = 0.025 and a, = 0.022 for b = 0.25 are much larger than a, =
0.003 for b = 0.5 estimated using data from Table 6.1. This difference is mainly caused
by the different value of b. As an example, for ¢ /T, = 10,000, (¢ /T,)" = 10 or 100 for

b=0.25 or 0.5. Consequently, the values of a, and a, are coupled with the calibrated

value of b.
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Figure 6.7. Damage prediction relations compared to data for Series A’
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Chapter 7

EFFECT OF WAVE PERIOD AND
ARMOR GRADATION ON DAMAGE PROGRESSION
7.1 Experimental Setup and Test Conditions
It is expected that the empirical coefficients in Equations 6.15 and 6.16 are,
to some extent, a function of wave period. In addition, only uniform sized armor was

utilized in Series A’, B', and C'. Therefore, four test series (D', E', F', and G") were

n on damage progression.
oT r (=4

These additional test series are summarized in Table 7.1 along with Series A’, B', and C’
fAar ramnaricnn Tha cnartral and tima cariag inridant vwavus naramatarce far all coriac ara
1uUL bUlllt}allDUll 1iv OlJ\./\.«LlCll CULILUL LLLLEC OV 1V O 1HIVIULIIL Yyave PCUCUJIL«L\.«IO 1UL Adll DLUL1IVD atv
lictad 1.1« Takla 7 AN Aaon MANCIIrATIAN to ara crimm avirad FAr Qaviac NN L' D' and Y7
1IdLCU 111 1Al /.4, ualuagc 11ICAdUICTILLICLHIL 4AlIT >ulliiializZou 1l OClLiIC> LU/, L, I, 1U U
T L1 A L ___ 1 TYY7 _ A - __1:__ T
111 1dDICS b4 lﬂrngﬂ D/ 11 AppCHUIX D
Table 7.1
Summary of Test Series for Damage Experiments
Test Test Armor Water Levei Test Duration
[ o V) piupiy hy P - . ~ R L __\
Qeries 1ype rype vraer \nr)
T A Deterioration to Failure Uniform Low - High 28.5
B’ Storm Ordering Uniform Low - High 8.5
c’ Storm Ordering Uniform High - Low 9.0
D’ Wave Period Uniform Low-High 8.5
| =gd WA ava DarinAd 1 InifArm I A Hish oR
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Table 7.2
Summary of Incident Wave Characteristics
Dura-
Serie (Wave [tion |h, |T, |H, |R T, |H, H,,, [Hy
hr cm__|sec  |cm sec_ |cm cm cm

A’ 1 1.5 11.9] 248 9.78| 0.46] 1.76 9.38| " 11.50 12.80
2 1.5/ 11.9] 248 12.40| 0.47] 1.69 11.60 13.80 15.37
3 7.51 11.9] 248| 14201 048] 1.741 1320] 1570 17.30
4 10, 158 252, 1050} 0582 173, 1010, 1272 1430
5 6.0] 15.8; 259 13.60; 051 167; 13.00; 1597; 17.80
6 11.0] 15.8] 2.59 15.80] 0.51] 1.66 14.90 18.00 19.30

B’ 1 0.5 11.9] 248 9.78| 0.46]| 1.76 9.38 11.50 12.80
2 20| 11.9] 248 12.40| 047 1.69 11.60 13.80 16.37
3 20| 119 2.48 14.20f 048] 1.74 13.20 15.70 17.30
5 20| 158} 2.59 13.60| 0.51} 1.67 13.00 15.97 17.80
6 20| 158] 2.59 15.80] 0.51| 1.66 14.90 18.00f 19.30

ic' 4 1.0/ 15.8] 2.59 10.50| 0.52] 1.73 10.10 12.72 14.30
5 2.0/ 15.8] 2.59| 13.60f 051] 167] 13.00] 1597 17.80
6 2.0/ 15.8] 259| 15.80f 051 166]f 1490/ 18.00f 19.30
2 20] 11.8] 248 12.40; 047, 188 11.60 13.80 16.37
3 20] 11.8] 248 14.20] 0.48] 1.74 13.20 15.70 17.30

53 7 05| 1i.9] 1.97 6.13| 0.44| 164 6.05 7.62 8.36
8 20| 11.8] 197 9.88] 0.38] 1.54 9.88| 12.48 13.59
9 20| 119] 1.97 13.11] 0.33| 1.44 13.18 16.14 17.11
10 20| 158| 2.02 962 0.38| 1.61 9.74 12.48 14.00
11 20| 158] 2.02 12.83] 0.34] 1.55 13.21 16.80 17.87

IE' 12 0.5] 11.9] 1.53 5.05] 0.38] 1.29 5.056 6.72 7.75
13 20! 119! 153 713} 0.35] 1.29 7.26 9.701 1111
14 20! 119! 153 993/ 031] 123] 1019/ 13.38] 14.90
15 20, 158, 1.48 6.60; 034, 130 6.58 8.15 8.78
16 20] 158] 1.48 S.41) 032) 1.28 9.53 12.03 13.34

[F' 17 0.5] 11.9] 2.48 7.21| 0.49] 1.72 6.96 8.68 9.61
18 2.0] 11.9] 248] 11.68] 042] 156 11.51 14.39 15.63
19 20| 119] 248 15.33] 037 1.39 14.95 18.09 19.39
20 2.0/ 15.8| 2.59 6.43] 047| 1.80 6.18 7.78 8.58
21 20 15.8] 2.59 8.82] 0.44| 1.72 8.54 10.95 12.45

IG' 22 0.5 11.9] 1.97 7.62] 0.42] 1.50 7.53 9.53 10.62
23 20! 119! 197 12.07| 037! 136!/ 1199l 1493! 16.22
24 2.0l 11.9] 197 1542] 035! 130! 1521 1795 1899
25 20;] 158 2.02 11.92, 037 144 11.98 15.06 16.67
26 20 158 2.02; 15.34; 0.35; 1.34; 1536; 18.64; 20.03
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Series D' and E’ were similar to Series B' except with different target peak

-~ P oamcanxrs Arirsmnsnticvra Aniaancn maanciTrantantoe it

and 7 Aa cvcta tn xravintios
dilld U pPiuviuc Colipdaiailve ddilldagc Iicad>ulCiiciitd witll aybtcur tic variation o

gradation and wave period.

As shown in Table 7.1, the order of water levels, individual storm durations,
and series durations for Series D', E', F’, and G’ were identical to Series B'. Four storms
were run within each test series following 30 min of shakedown waves, with the low-
water-level storms run first followed by the high-water-level ones. The duration of each
of 4 storms was 2 hours yielding 8.5 hours of waves for each series. Wave heights were

incrementally raised at each water level to simulate increasing storm severity. The

was done for Series A', B’, and C’, the 2 structures were profiled every 30 min using
aiaht nrafile rande arrncce the cantar nartinn nf saacr ctrmictnire FRae etnNrm ceariag wag
\/lsllt tll.\}].l.l\/ AUUD AVIUOO LIV vwviliwvig tIUL LiVI11 VI vawvil suiuviLui v, AsAVLIL OLULRLIL OV1IAVD VYYD
rnmnntad ta viald 2D wmenfilac alanachnara Far tha 11ndamaand radarlavar amd armrne logas
L pC el v _)’ICIU JL PlUlllUb lUllellUl 1U1L LLIC ulila lldéCU uuucuayu daliu dlliitul ldyCI
an A afiae axraiss AN antin AL oA Ac Al aiiaand P} MNP R A~ i atamdaed
and after every 30 min of waves. As discussed in Chapter 5, the mean and standar:

- r o 1

, C, L, and § for these 32 profiles were computed.

Lan s}

deviation o

The armor stone for Series F' and G' was widely graded riprap with a

median mass My, = 256 g, nominal diameter D, 5, = (Msy/p,)"” = 4.58 cm, stone density

—
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p, = 2.66 g/cm’, and Dys/D,s = 1.53. The mass distribution, plotted as percent finer by

hown in Figure 7.1. The median mass was computed from a 200 stone sample

median mace hv connt far a 200 ¢tone ecamnle wac =128 o (1 e half the ctonec
LUVUIGL LUASS U) VUL 1VL G &4UV Stvav Stiipiav W as vz 50 140 & 4L HGLL WL STULS
woaighad lagg)l Thig lattar valiiae vwag nat 1iead in thig thagie althangh it i¢ gnmatimag
Wblsu\.«u l\.«DD} ALY 1Aalivl VvAdiuuv wad 11IUL UdUAL 11 LD LHIVI1D, AlLIIUVUEILL 1L 1D SULLIVLUIILIIVDY
sroand 1 tha £41 1 Tha wismunis fAll A ad tha 175 dact vrannmmandatinm ~AFtlha CDA 71QQAN ~F
SCU 11l LT 11CIU 11IC 1 Pldp 1LOUHUWCU UIC WIUCHL ICLULLITHCHIUALIULE UL UIC O 1VI {1704 ) U1

ARREAviaaralss N 1NEAr - AA . ARA ) . ~11 PR I _ £ 1asia j T
aApproximately V. 120V sy < M < 4Vi5y. I'Or all SErICS, tIC unaeriayer or Iiter iayer aa
gradation of Dgs/D\ s = 1.32 and was sized such that (M), / (Mso)se, = 25 and

(DSO)armor / (DSO)ﬁher =209.
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Figure 7.1. Stone mass distributions for riprap and underlayer
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7.2 Probability Density Functions of Damage, Eroded Depth, and Cover Depth

The probability density functions of $*, E*, and C* are shown in Figures

7.2,7.3, and 7.4, respectively, with Series D', E’, F' and G' combined onto each figure
These figures can be compared to Figures 5.2, 5.3, and 5.4 for Series A', B’, and (',

rocnactively The fionrec 1 icate that the variahilitv of the eroded nrofile and eroded
lvot}\/leVvl . 4 1iv 115\)1\.«0 ALIVAIV QAL L1ICAL Ll Vulxuuljll) Ul tiiv vivuvu t}l Vililv QUi vivuvua
aran fAer tha A il t~ th £ Q Al D! A M Tha limit £
arca 101 Uic NCw SCrics are siifiiiar tO tiose O1 SEries A, p, aiid C . 1 1iC 1ii1iis O1

-3.0to 3.0. It is noted that the damage and eroded depth distributions are negatively
skewed while the cover depth is positively skewed. This indicates that more cross
sections have less normalized damage and larger normalized cover layer thickness.
Relatedly, the negative tails of the damage and eroded depth distributions are less
populated for Series D', E', F' and G’ than for Series A’, B', and C’, particularly below
normalized values of -2. As will be described in the following sections, wave energy

and therefore damage levels were lower for the new series than for Series A’, B', and C".
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Figure 7.2. Probability density function for normalized damage S* for Series D', E', F’
and G’
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Figure 7.4. Probability density function for normalized cover depth C* for Series D', E’,
F'and G’

7.3 Damage Variability

Figure 7.5 shows o as a function of mean damage S for Series D', E', F,

indicates that Equation 6.1 underpredicts damage variability for the new series in the
range S'= 1- 4. But above and below this range the results are inconclusive. The greater
variability in damage for the wider gradation (Series F’ and G') is expected; but the
reason for the greater damage variability for shorter wave periods is not clear. It appears

there are insufficient data to make a definitive modification to Equation 6.1. Even

though the data are slightly underpredicted by Equation 6.1, Equations 5.10 and 6.1
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provide a description of the alongshore variability of damage that is reasonable for

3
£2.5
o
g) 2 [
E " -.%I /
[ L} (= /— e ¢
015 8. | -
2 Fel .
§ ks
. " =
%) R
0.5 -+
z v
0
0 2 4 6 8 10
Moan Namana @
wicaii walliayve, v

= Qari (=1 = ariac
d CNes b = SCI e> D

+ SeriesF' a SeriesG' — Eq.6.1

Figure 7.5. Prediction of dama,
ion

B’, and ', is also plotted in Figure 7.6. It is ciear that this equation describes the new
data well without modification. The standard deviation for eroded depth o, as a
function of S'is shown in Figure 7.7 for the four new series and B'. Equation 6.3 for o,

as a function of S, also plotted in Figure 7.7, underestimates the variability of eroded
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depth in the new data sets. This reinforces the fact that damage variability was greater
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_excelient fit to the new data.
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Figure 7.6. Prediction of mean maximum eroded depth as a function of mean damage
for Series B, D', E', F’, and G’
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The mean cover depth as a function of .§ was shown to be described by
Equation 6.5. This relation, rearranged to be eroded cover depth, also provides a good
fit to the new data, as shown in Figure 7.9. In addition, the standard deviation of
minimum cover depth 6. was shown to be described by Equation 6.6. This equation,
along with the new data, are shown in Figure 7.10. Equation 6.6 underpredicts the
variability in cover depth, as expected. Again, Series D' produced most of the outlying

points. Data from the other series are reasonably well predicted by Equation 6.6.

The profile and variability relationships given by Equations 5.10 and 6.1
through 6.6, derived from Series A’, B', and C' data, fit the new data remarkably well,
considering the ranges of stone grading and peak wave period in this experiment.
Equation 6.3 and 6.6 underpredict the variability and will likely require modification as
more data are acquired. It appears that the coefficient of variation is more scattered for
low damage levels. The relations given above allow prediction of profile shape and
alongshore variability of the profile. The above relations were developed using only

profile data without regard to incident wave conditions or water levels.
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Figure 7.9. Prediction of mean minimum cover depth as a function of mean damage for
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75 Temporal Damage Development

TIrAtA Ayt o1 lae

_periods were tested in Series /' and G'. It can be seen that the damage progression
equations predict the overall trend of damage progression for Series D' through G’ using
a,=0.025, a,= 0.022, and b = 0.25, although there are noted discrepancies. For
example, it can be seen that damage initiation is underpredicted in all series. Equations
6.15 and 6.16 significantly underpredict damage initiation, if only 1 or 2 stones are
displaced at the beginning of each test series. This underprediction appears to be

produced by the variability in damage initiation. Figures 7.15 through 7.18 show

temAiAanta +lané ¢l AL Al nntbn tem T bt £ 1L ol £ 1L o o — ez s i s L4
1HIAICdLC tidat uic Clllplllcdl LOCILIICICLILS 111 un‘dllUllb 0U.10 dill 0.10 Ill'dy V'dly SOINCWIldL

with wave period and stone gradation for the range of experimental conditions described

herein. The initial profile adjustment may need to be accounted for in test series with

relatively small cumulative damage.
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Figure 7.11. Damage prediction relations compared to data for Series D’

Ns=0.9 12 } L7 i1 1.6
3 i
2.5 -
it s
& ‘ a )
o ®
£15 i . e
(] ° e o o
% 1 S ® o
(] kS .. - ..
= A | h _ e L e e —
05— T opeoremeo
_—==F=""depth = depth = 15.8
0 5000 10000 15000 20000 25000
Number of Waves, Nw
& measuredS = meas.3+gs o meas3-06s —— Eq.6.15 -—- Eq.6.16

Figure 7.12. Damage prediction relations compared to data for Series E’

—
FuN
O



Ns=0.9 i.5 2.0 0.8 11
S T T ]
1 depth =11.9 e
4 R
(%] o
Py - Py ®| ® e
23 e R
g » -]
ol N O A s
1} ® s L
[}] Iy i
= P ’ ///
AI - .,’ "
e _/'4//
S depth = 15.8 ]
0 3000 6000 9000 12000 15000 18000
Number of Waves, Nw
& measuredS = meas.5+o0s e meas3- os £q.8.15 ~—- Eq.6.16

Figure 7.13. Damage prediction relations compared to data for Series F’

Ns=1.0 i.6 2.0 1.6 2.0
6 |
I -
] depth = 11.9 cm R
5 —
I e
w4 -
= o ©
E, T S
8° - .
% 5 [ e | ° '—/”""’//}/“’" =
Q < = ® L ——— .
E L & — = - =
1 [ P /: Sa i
<<
° e il
/ depth=158¢cm |
0 —— e A . —t—r
0 5000 10000 15000 20000
Number of Waves, Nw
® measured S = meas.3+gs - meas3-os —— Eq.6.15 -—-Eq.6.16

Figure 7.14. Damage prediction relations compared to data for Series G’

[
EAN
—



Ns=1i.0 1.7 2.2 1.6 2.2
8
%) A ‘ i o
< S— e
= I 2 B I S é -
[ ] e ®
E * ® o e
m - ; -
3 S { 2o I e i
c e T ®
3 Fe e 27 T -
s 2 % [ D
e —
0 / depth = 11.9 cm depth = 15.8 cm
—— —
0 5000 7 10000 15000 20000
Number of Waves, Nw
® measuredS = meas.§+gs e measS - 0s Eq.6.15 —-—- Eq.6.15 adv
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This thesis addresses depth-limited breaking wave damage on rubble mound
breakwaters. Chapters 1-3 are introductory. Chapter 1 introduces the topic of rubble
-mound structures and their failure modes. It is noted that deterioration models are
required for risk and reliability analyses as part of rehabilitation studies for these

structures.

of incipient motion on both stone and sphere armor layers. Velocity measurements were
ada driring thace avnerimmente honth fncida and ot Aiiteids tha armane lavar iscing o lacar
11aac auring tnese eXperimenis botin insiae and just outside the armor layer using a laser

across the armor layer is proportional to the square of the maximum vertical velocity.
Equation 2.11, an incipient motion criterion similar to the Shields criterion for sediment
motion, is derived based on Morison forcing for the dominant mode of motion: vertical
lift under the steep breaking-wave face. Equation 2.11 is restated in terms of the

stability number as Equation 2.12 as follows
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tetnrienn] domaoa pymariiantal fanhniariac Tmeacirerianfc
, nistoriCal aamage experimental tecninigues, measurements,

and models are described for rubble mound breakwaters. It is noted that there are

_Inconsistencies in both historical and recent modeling techniques which have a large
effect on the conclusions drawn. In particular, different methods of computing eroded
area or volume produce results that differ by nearly a factor of 2. Several authors have
made note of the fact that irregular wave experiments may not produce an equilibrium
profile prior to failure. This conclusion was verified within this stuady. Many
breakwater stability experiments have been conducted; but nearly all tests were

conducted with nonbreaking waves, started with an undamaged structure, and

progressed to relatively lo

Chapters 4-7 discuss a new experiment to investigate damage development
- + A+t 1 £ Adanth limitad ot £ A
on a breakwater exposed to a series of depth limited storms of varying wave energy and

general irregular-breaking-wave damage progression experiments have been conducted.
Therefore, no generaily applicable relations exist that would permit prediction of

damage progression in breaking waves. A methodology is developed for measuring
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damage in a small-scale physical model. The methodology uses damage defined by

Equation 3.1 as the eroded area normalized by the square of the nominal stone diameter

§ =
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UnSO
In addition three nrofile decerintore of enocineering intferect are cniaggected acg
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as the cross-shore spatial sampling interval was less than i mm, which is considerabiy
smaller than traditional sounding measurements. In addition, the profiler was automated

making profiling very efficient. Because profiling did not require draining the wave
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flume between tests, more tests could be accomplished and with more frequent

profiling.

with varying irregular wave conditions and water levels. Seven unique long-

2]
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Aterm damage test series were conducted. The first, Series A’, was a long duration test
with varying water level and wave height. In this first series, the water level was
increased midway through the test. The wave heights were increased in five increments.
Damage was allowed to reach an observed apparent equilibrium level before the wave
height or water level was changed. The second and third series (B" and C') were
designed to yield insight into damage progression for variations in storm ordering.

During Series B’, the water level was increased midway through the test, while for

! e d A

except that riprap was used as armoring.

It was observed during the series that the damage never really stabilized or

reached an equilibrium. Also, Series B’ and C’ indicated that the final damage was
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similar for both series consisting of different sequences of storms of similar cumulative

wave action. The damage data showed partial healing during damage progression,

S = ; Lo = ; [S——
o o, o,
J L C
are shown to have ranges given by Equation 5.10 as
27<8%<3 , 27<E<27 ; -27<C'<28

All normalized variables are in the range from -3 to 3. It is shown that series with lower
overall damage levels had negatively skewed distributions with fewer points in the

tail in the range -3 < $* < -2 due to the fact that there were

at very low damage in the range §=0-1

Equation 6.1 was obtained through statistical analysis of the profile data to
Ancrviha tha alamcchma sraminlilitcr ~£ Aoimnoma oo
aescribe the alongsnore variabiiity of damage as

fum—y
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(=]

(=3

0. The mean eroded length was shown to

where C, is the mean cover depth when §

(=]

3

This equation, along with Equation 5.10, can be used to predict the range of damage for

a given level of mean damage. These relations indicated that alongshore damage

%]
=2
~t,
<t
I

I~

be described in terms of the mean damage by Equation 6.4 as

= 0.26 - 0.00007(S - 7.8)*

0.
r



where o, is the value of o when §'= 0. It is noted that Equations 6.1, 6.3, and 6.6
underpredict variability of erosion somewhat, but more data are required to better

quantify these relations. Equations 5.10 and 6.1 through 6.6 define the damage profile

conditions
The temporal variation of mean damage is given by Equations 6.15 and 6.16
S = S(t) + 0.025(NY T.OP 0% - %) for t <<t
n s m n n n+l
Sy = ) + 0.022(N, ) (T) % (%% - 1)) for 1,<1<1, |

for time domain and frequency domain wave statistics, respectively. These formulas
can be used for predicting mean damage S, where the wave height and period vary in
steps. The formulas fit the data well for Series A, B’, and C’, with systematic variations
of water depth and wave height. The equations are shown to fit the trends of damage

progression well for Series D', E', F', and G', where the peak wave period and stone

gradation were varied. Damage initiation, where only 1 or 2 stones moved, was
consistently underpredicted by more than a standard deviation for Series D' through G

This appears to be due to the variability in damage initiation. It is shown that the
svndintbinnm 10 crvmafinnmtler frvrsmznra A€t Asmnnivn smsrnvrac ot s b ccizia Sonman A e T
PLOUILLIVLL 1S Slgililitdlitly HIIPIUVCeU 11 WC UdllldgC PIOEIeSS1011 1S DCEUIL lIllIIlCUldlCly

ial profile adjustment or 1000 waves. The initial profile adjustment may

need to be accounted for in test series with relatively small cumulative damage. Also,

—
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the empirical parameters in these equations may need.to be varied somewhat with wave

period and armor gradation.

equations can be used to pr

‘structure. The equations described above are valid for the range of wave, water ievel,
and structure conditions within this experiment. Employment of a critical stability
number for measurable damage may be necessary to reduce the number of storms
required in a life-cycle analysis. These relations should be conservative because the
structures were relatively impermeable, relatively low crested, and exposed to severe
breaking waves. But they may not be conservative for more highly grouped wave

conditions and other structure slopes. Therefore, care should be taken in extending
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Figure A.15. Wave 6 incident and reflected spectra from wave gages
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Figure A.31. Wave 22 incident and reflected spectra from wave gages
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Figure A.32. Wave 23 incident and reflected spectra from wave gages
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Figure A.34. Wave 25 incident and reflected spectra from wave gages
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